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Abstract
Deployable structures have an important role in space applications as large structures such
as antennas, solar panels, reflectors or de-orbiters can be stowed or packaged during the
launch phase of the mission. Low cost and mass solutions rely on the use of sealed in-
flatable structures that can be rigidised or hardened. Over the years several rigidisation
methods have been developed, each with their strengths and weaknesses. However, due
to the simplicity of manufacturing, handling, deployment and rigidisation of aluminium
based metal-polymer laminates, this class of materials have been successfully flown on a
series of legacy missions in the 1960s and 2000s. Metal-polymer laminates are typically
three-ply constructions where two foils of ductile aluminium alloy sandwich a polymer core.
Structures such as sphere and cylinders are constructed from flat sheets of material. The
structures are then packaged. Deployment is achieved by releasing pressurised gas in the
sealed structures. For rigidisation the pressure of the inflation gas is further increased to
values that are about 1% higher than the pressure that induces yielding of the metal foils.
By constructing several metal-polymer laminate cylinders it was observed that residual fold
lines remain present on the surface of metal-polymer spheres of cylinders post rigidisation.
Typically, every manufactured object is constructed to a set of defined tolerances, any devi-
ation from the theoretical shape may be considered a geometrical imperfection. In cylinders
constructed with metal-polymer laminates the largest sources of imperfections are residual
fold lines. As metal laminates rely on the structural integrity of the shell for strength, it
is important that the extent of this type of imperfections is known. The collapse load of
laminate cylinders is significantly reduced by such type geometrical imperfections.
To observe the folding process high magnification images of folded and rigidised laminates
were obtained using a Scanning Electron Microscope (SEM) and a 3D surface profiler. Four
aluminium-polymer laminates were used, ranging in the total thickness from 28 µm to 117.9
µm. The laminates had a two and three-ply construction i.e. metal-aluminium, metal-
polymer-metal and polymer-metal-polymer. The profiles of each fold state were traced
and the maximum curvatures were calculated. The resulted were then compared against
theoretical expectations. It was found that for a ‘Z’ folded cylinder the post rigidisation
axial folds flatten more than the hoop folds. Thus, the largest source of imperfection in a
‘Z’ folded cylinder are the hoop folds.
A model has been derived for the elastic-plastic bending and springback of a metal foil
and a metal-polymer-metal laminate. In the presented work this approach replicates the
introduction of a typical ‘Z’ fold and consequent springback once the load has been removed.
The derived differential equations were solved iteratively in MATLAB. To simplify the
taken approach a bilinear stress-strain material profile under the condition of plane strain
has been attributed to the metal film. Coupons were compressed between to plates to
distances a separation distance of ≈ 0.7 mm. The results have been validated with good
agreement against experimental results and Finite Element Analysis (FEA) conducted in
ABAQUS. The plane strain and plane stress element types have been applied to the FEA.
Two three ply aluminium-polymer-aluminium flight ready laminates have been used as the
experimental benchmark. The numerical model under the plane strain condition has shown
better agreement with the FEA model under the condition of plane stress. At low curvatures
there is less agreement between the numerical model, FEA and experimental results. The
derived numerical model may be adapted for different laminate configurations. Due to the
difficulty of measuring the Young’s modulus of aluminium foils and laminates a solution is
proposed in terms of the derived models.
The lessons learn from this research project have been applied to the development of a
novel rigidisable aluminium-PET based deployable structure. The structure consists of
six laminate cylinders that form a cuboid structure with a deployed cross-sectional area
of 0.5 m2. The structure and support systems were designed to occupy the volume of
single CubeSat unit. The deployable will be flown on the RemoveDebris ADR technology
demonstrator.
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Chapter 1
Introduction
1.1 Motivation
Metal-polymer laminates are a versatile class of materials that have played a pioneering
role in spacecraft structural applications since the early 1960s (Hansen, 1995). This versa-
tility led to the use of such laminates in the construction of large and lightweight gossamer
structures (Talentino, 1966; Lichodziejewski et al., 2002; Stone and Moore, 2004; Viquerat
et al., 2014). Metal-polymer laminates are thin and flexible materials that employ a multi-
layer construction, where alternating plies of metal foils and polymer films are bonded with
adhesive. To date, the laminates used in previous spacecraft structures consisted of three
plies, where two foils of a ductile metal such as series 1000 aluminium alloys, sandwich a
Mylar R© or Kapton R© polymer film (Cadogan, 2001a,b). The laminate’s versatility results
from compliance with handling and packaging, and the ability to strain-harden, or rigidise
when it is required. Considering a sealed cylinder that is constructed with a three-ply
metal-polymer-metal laminate, starting from a packaged state, the structure is deployed
using pressurised gas. Rigidisation is achieved by continuing to increase the pressure within
the cylinder until the strain in the cylinder’s skin is greater than the yield strain of the
metal. At yielding, the metal work hardens, resulting in the permanent plastic deformation
of the metal foils in the laminate, thus the skin of the cylinder hardens in the deployed state
(Cadogan, 2001b). While the structure is being pressurised, the internal volume does not
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change therefore there is an exchange of energy between the gas and the laminate, initially
this energy results in the elastic stretching of both the metal foil and the polymer film.
At a certain point, with a further increase in the internal pressure, the additional energy
dissipates in the plastic stretching of the metal foils, leading to the work-hardening and
rigidisation of the metal. During the rigidisation process, the polymer film remains in the
stress-strain material elastic range. Post rigidisation, the internal pressure is vented. With
a decrease in the internal pressure, the accumulated strain energy in the polymer film is
rapidly released in the remaining gas (Lou et al., 2000). As the polymer relaxes, the metal
is put in a state of pre-strain. To prevent the shell from auto-buckling while the internal
pressure decreases, the degree to which the cylinder is pressurised must be controlled. Care
must be taken not to increase the rigidisation pressure by a large margin beyond the required
rigidisation pressure. The skin of such structures is typically strained to values that are be-
tween 0.5 and 1% greater than the yield strain of the metal. Strain-hardening has the effect
of increasing the load carrying capacity of metal-polymer laminate structures by creating a
relatively wrinkle-free continuous smooth surface that is inherently less prone to buckling.
Furthermore, surface defects such as residual packaging folds are minimised. However, as
shown later in this chapter, post rigidisation residual fold imperfections resulted from the
packaging of laminate structures must be considered in the analysis of such structures. The
rigidisation pressure of a given laminate is dependent on the physical characteristics and
mechanical properties of the metal foil, the metal to polymer ratio in the laminate and the
geometry of the structure. By using simple geometries such as spheres and cylinders, dur-
ing pressurisation, a uniform strain distribution is achieved across a structure’s skin. These
simple geometrical components can be combined to obtain more intricate structures.
Since the successful use of metal-polymer laminates in space structures, multiple rigidisation
technologies have been proposed or evaluated on a coupon level, including foams, light or
thermally curing resins, plasticisers and second-order transition composites (Lester et al.,
1993; Hoyt et al., 2004; Cadogan, 2001a; Schenk et al., 2014). The limitation of these rigidi-
sation methods results from the use of light, heat or chemical activating agents. The power
budget requirements, support system complexity and stringent handling requirements of
such rigidisation methods are significant in comparison to the power requirements of gas
supply systems that are used in the rigidisation process of structures that are constructed
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from metal-polymer laminates. Furthermore, due to the requirement of an activation agent
employed by the rigidisation methods presented earlier, to prevent unintentional rigidis-
ation, safety precautions must be taken with regards to light or moisture contamination
during handling or stowage of such materials. In contrast, the shelf life of metal-polymer
laminates is limited only by the reliability of the inflation system.
The need for flexible but rigidisable materials such as metal-polymer laminates resulted from
the requirement of launching large and lightweight structures that in space can sustain the
deployed shape for an extended period. Early deployable structures had a polymer skin
that was covered with an aluminium metal coating. Thus, optical tracking systems that
were located on Earth could track the location in orbit of such structures. By measuring
variation in the altitude resulted from the influence of the solar wind on space weather,
scientists could measure the atmospheric density of the Low Earth Orbit (LEO). Secondly,
by reflecting radio waves (Jakes, 1961) of the metallic surface of such structures a real-time
communication channel could be established between research centres that were located on
the East and West coasts of the United States. Figure 1.1 (a) shows ECHO I’s star trail
that observed over the Goldstone Tracking Station and the antenna that was used to reflect
signals of ECHO I. It was calculated that a spherical balloon (satelloon) with a diameter of
31 m, and a metallic reflective surface would fulfil both tasks. A deployed ECHO I satelloon
during a ground inflation test is shown in Fig. 1.1 (b). After several failed attempts ECHO I
(Hansen, 1995) was successfully launched. The satelloon was launched in an almost circular
orbit, with the perigee at an altitude of 1519 and the apogee at an altitude of 1687 km.
After a period of 6 to 12 days following the launch, it was evident that a method of rigidising
the balloon was required (Clemmons, 1964). As the internal pressure decreased, the balloon
lost its spherical shape. This distortion affected the capability of passively reflecting radio
waves (Price and Pezdirtz, 1964). Considering the lessons learned from this mission and
the much smaller series of Explorer (Hansen, 1995) satelloons, it was evident that a simple
mode of hardening or rigidising such structures is required.
Under a partnership between G.T. Schjeldahl Co. and E. I. du Pont de Nemours and Co.,
the first metal-polymer-metal laminate to be used in a structural role was developed, for
the ECHO II satelloon (Talentino, 1966). The metal foil plies consisted of highly ductile
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(a) ECHO I star trail observed over the Goldstone
Tracking Station (NASA/JPL-Caltech, 2017)
(b) Inflation tests of ECHO I (NASA, 2017)
Figure 1.1: ECHO I, the first communication satellite
aluminium, and BoPET was chosen for the polymer films. Several missions were in de-
velopment where rigidisable cylinders were used, either as single support masts (Viquerat
et al., 2015) or as part of more complex geometries, such as the structure that is shown
in Chapter 5. With the transition from spherical to cylindrical geometries, where the load
carrying capacity relies on the skin alone and not on the internal pressure, the mechanical
behaviour must be understood. Typical loading conditions for cylindrical structures are
axial compression, bending and torsion. The deployment sequence and rigidisation of an
origami folded metal-polymer laminate cylinder are shown in Fig. 1.2.
A discrepancy in the strength of cylinders between experimental results and theoretical
analysis was observed early in the analysis of such structures. Efforts to close this gap
were undertaken in the 1930s (Donnell, 1934). The collapse values ranged by as much as
70% from the theoretical limits. This discrepancy is attributed to material discontinuities
and imperfections, manufacturing tolerances and geometrical deviations from the idealised
shape (Wullschleger, 2006). But with better manufacturing techniques and the introduction
of Finite Element Analysis (FEA), this gap has been reduced to as little as 10% (Singer
et al., 2002). To date, exact formulations (Nemeth and Mikulas, 2009), semi-empirical
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(a) 0 kPa (b) 2 kPa (c) 6.5 kPa (d) 55 kPa
Figure 1.2: Deployment sequence and rigidisation of a three-ply metal-polymer laminate
cylinders in vacuum. The internal pressure in each stage of deployment is given. The
cylinder in the last figure is rigidised (Viquerat et al., 2014).
(Weingarten and Seide, 1968) and FEA models (Kobayashi et al., 2006) that look at the
behaviour of pristine cylinders that are undergoing axial compression and bending are well
established. When a structural analysis is conducted for a rigidised but previously packaged
metal-polymer laminate cylinder, it may not be assumed to that the cylinder has a smooth
surface, as residual imperfections resulted from packaging process remaining present across
the surface of the laminate. Typical packaging creases before rigidisation are shown in Fig.
1.3 (a) and residual fold creases in a previously rigidised cylinder are shown in Fig. 1.3
(b). It is important to note that the inflation gas in the photographed cylinders has been
vented. As the largest imperfections in rigidised metal-laminate cylinders are the resulted
from residual folds, the formation the folds during packaging must be investigated.
The processes of laminate packaging and residual crease formation can be divided into
two discrete steps. Step one includes the introduction of a packaging fold in a laminate
structure and the relaxation of the laminate once the apparatus that was used to introduce
the fold is removed. The second step is concerned with the deployment, rigidisation and
relaxation of the laminate structure. Considering the process described in step one, Satou
and Furuya (2010) have investigated the folding of a polymer membrane in between two
translating plates. The plates reached a separation of 0.78 mm, resulting in a significant
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(a) 10 kPa (b) 70 kPa
Figure 1.3: An origami folded three-ply laminate following inflation to different pressures.
Note that in each case the inflation gas has been vented prior to photographing. The 41.8 µm
thick laminate has been formed into a cylinder 90 mm in diameter and 1000 mm in length.
This has been shown (Viquerat et al., 2014) to withstand post-rigidisation compressive loads
more than 50 N, and bending loads greater than 1.5 Nm.
fold curvature. Yu and Johnson (1982) and El-Megharbel et al. (1990) have derived very
simplified models for the deflection of metal plates undergoing small plastic deformations
and the resultant springback once the applied force was removed. The pressurisation step
has received more attention in the literature. Greschik and Mikulas (1996), highlighted
the difference in the flattening mechanism between the axial and the hoop orientated folds
during the folding of a cylinder. The results have shown that hoop folds as not as easily
eliminated as axial folds during the rigidisation of a cylinder. The theory was experimentally
verified, and the results are shown in Chapter 3. Furthermore, classic plasticity theory was
used to formulate a model for an aluminium foil coupon undergoing flattening by stretching
(Greschik and Mikulas, 1996). In the subsequent chapters, the presented work is used to
construct a model for the folding process and springback. This model considers in detail the
formation of fold imperfections in metal foils and metal-polymer laminates. It is important
to note that this work does not analyse in detail the rigidisation process.
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Another difficulty in predicting the strength of metal-laminate cylinders results from the
difficulty of accurately measuring the Young’s modulus in metal foils. Considering the
work that was done to date, the Young’s modulus of metal foils can vary significantly from
values that are given for bulk materials. These effects were observed in the testing of the
ECHO II laminate (Price and Pezdirtz, 1964; Talentino, 1966). Recent studies conducted
on aluminium foils of different thicknesses and undertaken with various methodologies from
standard tensile testing to vibration and thermal expansion (Klein et al., 2001; Hussain
and Viswanath, 2007; Laugier, 1981; Knight, 2014; Barton, 2016) have also shown this
behaviour.
1.2 Research Novelty
To assess the behaviour of metal-polymer laminate cylinders the effects of the residual
fold imperfections must be understood. In this work, the packaging step of this process is
investigated. The novelty of the work presented in this document lies in:
• Formulating a numerical and FEA approach that models the behaviour of metal-
polymer laminates undergoing folding from a pristine state, and relaxation once the
folding force is removed. The methodology is versatile in that it may be tailored to
any configuration of ply type and sequence.
• Designing and evaluating a structure that uses multiple cylinders that are constructed
from a two-ply metal-polymer laminate. This structure is used to decrease the atmo-
spheric re-entry time required by a spacecraft that is in LEO.
1.3 Aims
Considering the outlined motivation and research novelty, this work aims:
• To understand the folding process and to set a general outline for the analysis of a
metal-polymer laminate undergoing large plastic straining and relaxation.
• To derive a set of governing equations that explain the behaviour of the material during
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folding and to apply the equations in the form of a numerical model that realistically
replicates the introduction of creases during the folding process of a metal-polymer
laminate cylinder.
• To model the folding and springback processes in a foil and laminate coupon in FEA.
• To design and experimentally evaluate a deployable structure that uses multiple cylin-
ders that are constructed from a two-ply metal-polymer laminate.
1.4 Objectives
To achieve the goals outlined in the previous section, the following objectives must be
met:
• To review work where metal-laminates have been analysed in a structural context and
to identify existing problems in their analysis.
• To use various measuring techniques to obtain the physical properties of the available
laminates, such as ply thickness.
• To conduct a series of tensile tests to obtain the mechanical properties of the available
laminates.
• To become familiar with different cylinder folding schemes by working with different
laminates and implementing various folding procedures.
• To experimentally observe a metal-polymer laminate cylinder that is undergoing fold-
ing, pressurisation and rigidisation.
• To simplify the typical folding step of a metal-polymer cylinder to a laminate coupon
level such that this process may be experimentally evaluated and numerically solved,
with limited deviations from the real process.
• To create a numerical model for a metal cantilever undergoing large displacements and
to compare the results against a previously reviewed model and experimental data.
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• To implement the numerical models for the folding of the metal and laminate can-
tilevers in MATLAB.
• To create a series of FEA models in Abaqus that replicate the experimental and
numerical procedures.
• To validate the results obtained from the numerical model and FEA simulations
against experimental results.
• To apply the lessons learned from the research project and design a novel metal-
polymer laminate inflatable and rigidisable structure that has a deployed cross-sectional
area of 0.5 m2 and a stowed volume of 1 litre or (10 × 10 × 10 cm).
• To conduct the necessary feasibility studies for this structure.
1.5 Publications
A novel contribution to the field of metal-polymer structures that has resulted from this
work has been published in the following journal:
• Secheli, G., Viquerat, A., and Aglietti, G., 2017, “A Model of Packaging Folds in Thin
Metal-Polymer Laminates,” J. Appl. Mech., 84(10), pp. 101005-1 101005-11.
Research performed in this work has been presented at the following international confer-
ences:
• Secheli, G. and Lappas, V. (2013), Design and Evaluation of Inflatable Structural
Concepts for Aerodynamic Drag Augmentation, in ‘64th International Astronautical
Congress’, International Astronautical Federation.
• Secheli, G., Viquerat, A. and Lappas, V. (2015), An examination of crease removal
in rigidizable inflatable metal-polymer laminate cylinders, in ‘2nd AIAA Spacecraft
Structures Conference’, AIAA.
• Secheli, G., Viquerat, A. and Aglietti, G. (2016), Mechanical development of a novel
inflatable and rigidizable structure, in ‘3nd AIAA Spacecraft Structures Conference’,
AIAA.
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1.6 Summary of Each Chapter
Chapter 2, Literature Review gives an overview of metal-polymer laminates and other
rigidisation techniques. Previous missions where metal-polymer laminates have been used
are outlined, and packaging methods that have been developed the folding of spheres and
cylinders that are constructed from metal-polymer laminates are given. The buckling mech-
anism of cylinders is covered. Articles and publications are outlined from which the folding
model that is presented in this work was derived. Previous works where mechanical testing
was conducted on aluminium foils is given.
Chapter 3, Aluminium Based Metal-Polymer Laminates presents the aluminium
laminates that have been used in this work and discusses the characteristics of each laminate.
These range from a two-ply configuration to three plies with different sequences of metal and
polymer plies. The results of tensile tests performed by the author on two of the laminates
are discussed. A Scanning Electron Microscope (SEM) and a 3D surface profiler were used
to observe in detail the effects of folding and rigidisation of the folded region. The results
from these experiments are compared with published theory.
Chapter 4, Laminate Folding and Resulting Creases presents the highlight of this
work. The chapter starts by introducing the reader to the typical procedure that is un-
dertaken in the ‘Z’ folding process of laminate cylinders. The chapter then continues by
presenting the experimental analogue used to replicate the folding method. Initially, a
cantilever model for a single metal foil is given. This methodology is then applied to the
derivation of the governing equations, for the modelling of a metal-polymer laminate coupon
that is undergoing large plastic deformations and springback. This work is then applied to
the formulation of two FEA models, one for each numerical model. Modelling considerations
are given. The standard value for bulk aluminium has been applied to a cantilever beam
model. These results were compared against cut coupons from two laminates. The imple-
mentation of the numerical model in MATLAB is given, and the relevant mesh dependency
studies and error verification methods are outlined for the MATLAB and FEA models re-
spectively. The results section follows. The numerical model, FEA and experimental results
are then compared and discussed.
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Chapter 5, A Novel Structural Spacecraft Application of Metal-Polymer Lami-
nates presents the RemoveDebris project and the application of metal-polymer laminates
in the construction of deployable and rigidisable cylinders for the DebrisSat-1 spacecraft.
An initial concept study to evaluate various geometries is conducted, starting with the
standard spherical shape. With each geometrical iteration, it was attempted to reduce the
volume of rigidisation gas required. Detailed design considerations of the chosen geometry
are given. Due to the challenges presented by the selected geometry, two novel packaging
methods one for cylinders and one for triangular sail segments are presented. The initial
deployment of the completed structure is shown. The work given in Chapter 5 is not linked
to the work that is presented in Chapters 3 to 4. The author of this thesis did the work
that is given in this chapter.
Chapter 6, Conclusions and Future Work summarises the outcomes of this work and
briefly evaluates the strength and weaknesses of the methodologies derived and created in
this work. Also, the possible ramifications of this work are outlined, and improvements to
the current practice are given.
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Chapter 2
Literature Review
In this chapter, the literature used as the basis of this work is discussed. Metal-polymer
laminates, their mode of operation and their application in the context of spacecraft struc-
tures are presented in the form of past and future missions. Methodologies that are used in
the packaging of spherical and cylindrical structures are explained. The chapter continues
by introducing the reader to the buckling process that takes place while a rigidised cylinder
is undergoing axial compression and to the detrimental effects of initial imperfections such
as residual creases on the critical buckling load of cylinders. Work that aims to mathemat-
ically model the behaviour of beams that are undergoing large elastic and elastic-plastic
deformations is reviewed. The chapter ends with an overview of testing methods that are
used to obtain mechanical properties the of thin aluminium foils.
2.1 Metal Laminates and Rigidisation Mechanisms
The load carrying capacity and longevity of inflatable structures is improved with the use of
rigidisation mechanisms. Such mechanisms, provide the means of permanently hardening a
flexible structure that is in a deployed state. The requirement to rigidise inflatable structures
that are used in space has been observed within 6 to 12 days of the launch of ECHO I
satelloon in the 1960s. ECHO I was a spherical balloon with a diameter of 31 m. As
spacecraft mission requirements have diversified since the early 1960s, primarily due to
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advances in material sciences and the introduction of high strength fibres and materials,
several rigidisation methods have been developed.
Rigidisable materials are classified into three categories. These are metal-polymer lami-
nates, thermoset, and thermoplastic polymers. Metal-polymer laminates have been used as
the shells of inflatable structures since the launch of NASA’s second passive communica-
tion satelloon ECHO 2 in 1964. This spacecraft was followed by several similar satelloons
throughout the 1960s, including Explorer 9, 19, 24, 39, PAGEOS 1, and Goodyear Aerospace
Corporation’s Grid-sphere (Teichman, 1968; Hansen, 1995; Stone and Moore, 2004). Metal-
polymer laminates are thin flexible materials that are constructed with alternating plies of
bonded metal foils and polymer films. Highly ductile aluminium alloys are chosen as the
material of the metal foils, typically 1100-0 and 3003-0 aluminium alloys (Cadogan, 2001a).
Utilised polymer films constitute of such materials as Mylar R© or Kapton R©. The most
common type of metal-polymer laminates that have been used in spacecraft structures was
constructed with three plies, with the outer plies being aluminium foils and the core ply
being a polymer film. The strength and compliance of the laminate may be tailored by
varying the ply thickness, by varying the polymer to metal ratio and by using materials
with different mechanical properties. The laminate is rigidised by increasing the internal
pressure beyond the point at which the skin of the structure stretches more than the yield
strain of the metal in the foils, this work-hardens the metal and thus the laminate in a de-
ployed state. With time the internal pressure decreases as the inflation/rigidisation gas leaks
through manufacturing defects, pinholes resulted from packaging, through holes created by
micrometeorite impacts or when the gas is intentionally vented. Lou et al. (2000) has shown
that for cylinders with diameters of 63.5 mm and lengths of 558.8 mm that are constructed
from 1145-0 aluminium alloy foils with a thickness of 50 µm, the degree of work-hardening
(this is achieved by increasing the internal pressure above the yield point) is proportionally
related to the axial buckling load. Considering rigidised and vented cylinders, for a 0.5%
work-hardening the cylinders collapsed at a load of 25.4 kg for a 1% work-hardening the
cylinders collapsed at a load of 33.6 kg. The experiments were repeated with three-ply
polymer-metal-polymer laminate cylinders. The laminate was constructed with aluminium
foils that each had a thickness of 76 µand a polymer film that had a thickness of 25 µm. The
results have shown that even a small degree of work-hardening (0.5 %) still increases the
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buckling load in comparison to a rigidised cylinder that where the internal pressure was suf-
ficient to induce rigidisation only. At pressures that rigidise the foils, the polymer remains
the elastic stress-strain range. Higher degrees of work-hardening (1 %) had a detrimental
effect on the buckling strength of the cylinders that were constructed from a metal-polymer
laminate. With a decrease in the internal pressure the elastically loaded polymer films re-
laxed and thus the aluminium foils were compressed. This placed the aluminium foils in a
permanent state of pre-stress.
Aluminium laminates provide a series of advantages in comparison to other types of rigidi-
sation methods. Due to the nature of the material, the laminate has a long shelf life. The
deployment and rigidisation process is combined, resulting in a simple low-power and low-
weight gas support system. Deployment is fast and does not depend on the environmental
conditions. For structures constructed with aluminium-polymer laminates only several de-
ployments, rigidisation and packaging cycles may be performed. The degradation of the
laminate must be considered with each cycle. Due to the rigidisation mechanism, the pres-
sure must be distributed equally on the shell surface. To uniformly yield the skin of a
structure, the geometry of such structures is limited to simple spheres and cylinders of
constant material thickness and radius. Furthermore, residual imperfections remain in the
laminate post-deployment and rigidisation. These effects are accelerated by approaching a
maximum aluminium foil thickness of about 0.1 mm (Cadogan, 2001a). The total strength
of any structure constructed with a laminate skin is limited by this upper limit imposed by
the thickness of the foils. As mentioned earlier, pinholes are likely to form in the aluminium
foils during folding. However, the polymer film may provide an air-tight barrier and prevent
any tears in the aluminium foil plies from propagating. To further minimise the likelihood
of gas leaks in cylinders due to pinholes in the skin, an internal polymer bladder may be
used (Viquerat et al., 2014, 2015). Instead of inflating the rigidisable skin, a sealed bladder
is inflated. By making the bladder with slightly longer than the laminate cylinder, during
rigidisation axial pre-stretching in the laminate is increased while the hoop stresses remain
constant.
Thermosetting and thermoplastic polymers are applied in the form of unreinforced and
reinforced composite resins or as stiffening foams to flexible skins. Such composites consist
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of a curing matrix resin and reinforcing fibres. Thermosetting materials may be cured
using, temperature, specific wavelengths of light such as UV and by combining several
chemicals to start a reaction (Cadogan, 2001a,b; Hoyt et al., 2004). The shape of these
types of polymers may not be changed once cross-linking has taken place. The rigidised
shape of some thermoplastic polymers can be reverted by varying the temperature across
the impregnated skins. Typical thermoplastics include shape memory and transition change
polymers, foams, plasticisers and solvent boil off resins. Great care must be taken when
these types of materials are handled to prevent accidental rigidisation. Furthermore, to
activate these resins using light or heat, a substantial power budget is required. Except
for metal-polymer laminates which have been used in many successful space missions, the
methods presented above have been qualified only experimentally.
2.2 Missions
The term gossamer originates from mediaeval England, signifying nothing more than frag-
ile cobwebs floating in the wind (Chimielewski, 2001). Similarly, in space engineering, a
gossamer structure is an inflatable or deployable ultra-light construction. Some inflatable
structures make use of thin films of metallised polymers that are not only used as compliant
shells but are versatile enough to be assembled into load-bearing structural elements such
as cylinders or spheres.
2.2.1 ECHO I
ECHO I, was launched on the 12th of August 1960 into an almost circular orbit with a perigee
of 1519 km and an apogee of 1687 km and an equatorial inclination of approximatively
47.3◦(Jakes, 1961). The objectives for ECHO I were to demonstrate the feasibility of using
reflected microwaves of the surface of the spacecraft for voice communication between the
East and West coasts of the US and to study the atmospheric density in LEO. The satelloon
was built by G.T. Schjeldahl Company, and the stowage canister in which the satelloon was
placed during the launch phase of the mission was manufactured by Grumman (Seedhouse,
2015). The stowage canister is shown in Fig. 2.1. The balloon had a diameter of 31 m and a
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Figure 2.1: A technician is examining the canister in which ECHO I was stowed during its
launch into space (NASA, 2018b)
mass of 68 kg. The skin of the satelloon was constructed with aluminised Mylar R© film that
had a thickness of 12.7 µm. To inflate the satelloon a rudimentary sublimating liquid gas
supply system was used. A telemetry beacon has been installed; this relied on five nickel-
cadmium batteries, which in turn were charged by 70 solar cells that were distributed on
the external surface of the balloon. ECHO I, re-entered and burned in the atmosphere on
the 24th of May 1968 (Mackey, 2017). As a non-rigidisable skin was used, with a decrease in
the internal pressure due to gas loss, the deployed shape was lost. It was noted early in the
life of this mission that the quality of the reflected signal deteriorated; engineers believed
that this was caused by the deformation of the satelloon with a decrease in the internal
pressure. Thus, a need for rigidisable materials was established.
2.2.2 ECHO II
ECHO II was a metal-polymer laminate spherical balloon with a diameter of 41.2 m (Tal-
entino, 1966; Seedhouse, 2015). The spacecraft was launched on the 25th of January 1964
and re-entered the atmosphere on the 7th of June 1969 (Eaker, 2017). A deployment test of
the deployed ECHO II satelloon is shown in Fig. 2.2 (a). This mission continued with the
experiments that were initially undertaken during the ECHO I mission such as high altitude
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(a) Deployed ECHO II test satelloon (NASA, 2011)
Polar CapGore
(b) ECHO II cut-out
Figure 2.2: ECHO II satelloon
density measurements and the passive reflection of signals for voice communications. A to-
tal of eighteen spheres were constructed, seventeen spheres were used in the development,
testing of the satelloon and one sphere was used for flight. The spheres were constructed
from a three-ply metal-polymer-metal laminate with a total thickness of 18.5 ± 0.9 µm.
Alcoa produced aluminium series 1080-0 was used for the external plies, each metal ply had
a thickness of 4.6 ± 0.5 µm. Initially, a series 1145 aluminium alloy was used. However, this
alloy was not used in the flight satelloon as this foil required a higher rigidisation pressure
due to an increased yield stress value. Mylar R© with a thickness of 8.9 µm was used for
the core ply of the laminate. The layers were bonded with GT 301 adhesive produced by
Schjeldahl Co., each adhesive layer had a thickness of 0.2 µm. During the concept study
for ECHO II, four different gore placements and gore shapes have been investigated. A
cut-out of the chosen design is shown in Fig. 2.2 (b). A sphere’s surface may be divided
into a series of segments that run between poles of the sphere, these segments are referred
to as gores. Due to the shape of a gore, a gore does not distort when it is placed on a
flat surface. In the final design, 106 gores were required, these had a maximum width of
1.219 m and a length of 64.635 m. Note the shape of the individual gores that were used in
this design is given in Fig. 2.2 (b). The gores were sealed using laminate tapes that were
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coated with heat sealable adhesive. A small gore overlap was required. Polar caps with
diameters of 1.32 m capped the spheres using heat activated adhesive. The polar caps are
also shown in Fig. 2.2 (b). To inflate and rigidise the satelloon 17.24 kg of pyrazole powder
was distributed in 72 bags around the equator of the sphere. Perforations in the bags were
covered with a low-temperature adhesive wax. To expose the pyrazole powder to the low
pressure of LEO the wax seals were melted when the correct altitude was reached by the
satelloon. The seals were heated to a temperature of 37◦ C. As the pyrazole powder was
exposed to the low pressure in LEO, the powder sublimated, thus inflating and rigidising
the skin of the satelloon. To remove residual air during packaging, air evacuation holes were
created, this increased the packaging efficiency. An equation for the packaging efficiency
of a deployable structure is given in Section 2.3. The sphere was packaged into a stowage
canister with a diameter of 1 m and a height of 0.732 m, this canister had a similar design
to the canister that is presented in Fig. 2.1. The satelloon was initially folded into a series
of pleats then the pleated sphere was ‘Z’ folded into the stowage canister. The ‘Z’ folding
packaging sequence is explained Section 2.3.1. To facilitate the tracking of the satelloon a
transmission beacon was installed on the sphere.
2.2.3 Passive Geodetic Earth Orbiting Satellite (PAGEOS)
The Passive Geodetic Earth Orbiting Satellite or PAGEOS I was a spherical non-rigidisable
satelloon with a deployed diameter of 30.48 m and a mass of 54.12 kg (Teichman, 1968;
Rados, 2017). This spacecraft was developed by NASA for the National Geodesic Satellite
Program (NGSP), many of the lessons learned during from ECHO I and II, have been
applied in the design of this spacecraft. The mission required a bright object to be placed
in a circular polar orbit at an altitude of 4250 km. By photographing this object against
the star background from different locations around the Earth the geodesic shape of the
planet could be identified by geometrically calculating the location of the spacecraft. Using
this technique, the obtained results not affected by the variations in Earth’s gravitational
field.
Three satelloons were manufactured, two for testing and one for flight. The satelloon was
constructed with 84 elliptical gores, each gore had a length of 47.85 m and a maximum
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width of 1.14 m. The satelloon was constructed from aluminised PET film that had a
thickness of 12.7 µm. The aluminium coating was vapour deposited onto clear PET sheets.
This increased the shell reflectivity, such that the satelloon could be tracked with an optical
system. The gores were inspected at various stages during the cutting and fabrication
process for cuts, pinholes or metallised voids. Pinholes with a maximum diameter of 0.5
mm were accepted, holes with diameters of up to 1.6 mm were patched and gores with holes
that had a diameter greater than 1.6 mm were rejected. A similar approach was applied to
the inspection of the metallised voids. Where required, PET patches were bonded on the
PET side of the gores (internal surface of the satelloon) using heat-cured adhesive. To join
the gores into the spherical shape PET tape with a width of 25.4 mm was applied to the
internal surface of the sphere. The tape was coated with the same heat-curing adhesive, that
was used to the manufacturing defects. Each gore section was weighed and the sphere was
balanced by choosing the position of the gores around the equator according to their weight.
The gores weighted between 586 and 640 g. Gore overlaps of 1.02 mm were permitted, this
margin was reduced near the poles. A total of 84 venting holes were placed on two of the
gores, these gores were position on opposite sides of the satelloon, 180◦ apart. To prevent
the tearing of the PET film near the venting holes, the sides of the venting holes were
reinforced with patches of PET. The venting holes provided the means for trapped gas to
evacuate the satelloon while the satelloon was being packaged. Due to the low pressures
that were expected for deployment, it was calculated that the venting holes had a negligent
contributing to the decrease of the maximum pressure. The gores were folded such that
the evacuation holes were positioned on the top of the packaged stack. Pleats were made
every 0.23 m, resulting in five pleats per gore. Figure 2.5 shows the packaging method used
in the folding of PAGEOS I. The polar caps consisted of internal and external patches,
with respectively different diameters of 0.965 and 1.016 m. This was required as initial
stresses during the inflation process were concentrated in the polar regions. To facilitate
current continuity between the aluminised external surfaces of the gores and the external
surfaces of the polar caps, current continuity rings were paced around the poles. Prior
to applying the final seal, 5 kg of benzoic acid was mixed with 2.27 kg of anthraquinone,
the mixture was uniformly distributed around the equator of the satelloon. A further 6.81
kg of anthraquinone powder was distributed onto the remaining surfaces. The inflation
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system is one of the simplest used in an inflatable structure to date. The powder served
a dual purpose. At low pressures, the powder would sublimate and inflate the satelloon.
Secondly, the powder acted as a lubricating barrier by preventing the internal PET side of
the satelloon from adhering to itself while the sphere was packaged. The balloon was sealed
in a long plastic sleeve and kept for 24 hours at a pressure of 33.3 kPa. The gores were
‘Z’ folded into the stowage canister (Gibson and Carman, 1967). The stowage canister was
placed in a vacuum chamber, this allowed further outgassing. The stowage canister was
sealed remotely. The magnesium stowage canister had a diameter of 0.673 m. PAGEOS
I, was launched on the 23rd of June 1966 on a Thrust Augmented Thor-Agena-D launch
vehicle (Gibson and Carman, 1967). After reaching the desired orbit, the stowage canister
including the satelloon was ejected using a single spring at a velocity of 1.8 m/s. A delay
of 83.5 s after separation was set, at which explosive charges activated and the stowage
canister was split into two halves. This process took 0.6 s. PAGEOS I, was expected to
remain in orbit for a duration of five years.
2.2.4 Inflatable Antenna Experiment (IAE)
Developed for nearly 25 years by L‘Garde, Inc., for NASA’s IN-STEP experiment the In-
flatable Antenna Experiment (IAE) was launched on the 19th of May 1996 on the Space
Shuttle flight STS-77 (Freeland et al., 1996). The deployed structure is shown in Fig. 2.3.
It is estimated that the deployable module alone required a budget of about $1 million for
development and construction (Freeland and Bilyeu, 1993). The mission’s objectives were
to develop a large low-cost antenna, to validate the packaging efficiency of such a structure,
to demonstrate its deployment reliability by measuring surface deviations of the reflective
antenna in space. A deviation margin of 1 mm was considered acceptable. The deployable
structure and all required support subsystems were accommodated on the Spartan space-
craft. The antenna had a mass of 60 kg. The parabolic reflector was constructed from
Mylar R© film. One side of the antenna surface was reflective, an aluminium coating was
deposited on this surface, the other side of the reflector was transparent. Both materials
had a thickness of 6.35 µm (Freeland and Bilyeu, 1993). The reflector had a diameter of 14
m, this unit was constructed from several gores, forming an ellipsoid. The two sides of the
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Figure 2.3: Deployed IAE in space (NASA, 2018a)
ellipsoid were joined with Kevlar R© strips. The Kevlar R© strips were coated with Neoprene.
The gores were sealed using Mylar R© tape. To achieve full deployment of the antenna was
inflated to a pressure of 5.52 Pa. However, to remove the residual packaging folds from
the surface of the antenna (Mylar R© film), the antenna had to be inflated to a pressure of
6.89 MPa. It is important to note that the aluminium coating did not have a structural
role. The support torus for the ellipsoid antenna had an internal diameter of 61 cm. The
torus and antenna were offset from Spartan spacecraft by three 28 m long cylinders. Each
cylinder had a diameter of 46 cm. The torus and struts were constructed from Kevlar R© that
was coated with Neoprene. To deploy the cylinders deployment a pressurised of 6.9 kPa
was required. To inflate the structure a high-pressure gas storage system that was initially
developed for the attitude control of the Spartan spacecraft was used. The system was
equipped with pressure sensors, valves and regulators. The gas tank provided a maximum
pressure of 21 MPa, however, this pressure was regulated to a much lower pressure of 414
KPa. Nitrogen was used as the inflation gas.
Once Spartan has moved to a safe distance from the Space Shuttle the stowage canister
was opened. A single orbit was required to complete the deployment of the antenna and
to conduct the required surface precision experiments. The deployment step took about 5
minutes. Although venting holes were placed around the structure, due to an unexpected
amount of residual air, the skin stress in the ellipsoid structure was higher than anticipated.
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However, complete deployment of the reflective ellipsoid was not achieved. To prevent
the Spartan spacecraft from deorbiting too early due to the increased cross-sectional area
of the antenna, the antenna was decoupled from the spacecraft after two orbits around
Earth.
2.2.5 Optical Calibration Sphere Experiment (OCSE)
The Optical Calibration Sphere Experiment (OCSE) was a rigidisable spherical satelloon
that was used as calibration instrument for Earth-based equipment. The satelloon was
built by L’Garde, INC. Within four months from the United States Air Force (USAF)
order (Anderson and Smith, 2001; Lichodziejewski et al., 2002; L’Garde, Inc., 2013). The
spacecraft was launched in 2000. The calibration sphere was utilised by the Air Force
Research Laboratory (AFRL), where the capability to track spacecraft in high orbits was
tested. The spacecraft had an inflated diameter of 3.5 m and was made with an aluminium-
polymer laminate. The laminate had a total thickness of 30 µm and specular reflectivity of
93%. The OCSE had an overall mass (including inflation system) of 5.7 kg, however, the
satelloon had a mass of 1.7 kg, and the spacecraft with the stowage canister had a total mass
of 22 kg. Rigidisation was achieved by pressurising the sphere, until the skin was strained
above the yield point of the aluminium, in the metal-polymer laminate. The spacecraft was
placed in a Sun-synchronous, near-circular orbit with an inclination of 100.2◦ and at an
altitude of 750 km. OCSE remained in orbit for fourteen months.
2.2.6 Aerospace Corporation’s AeroCubes 2 and 3
The Aerospace Corporation developed several low-cost experimental spacecraft based on the
1U CubeSat standard (a cube with the following dimensions 10 × 10 × 10 cm) (Hinkley,
2008). The CubeSat standard was developed to increase accessibility to space by standar-
dising picosatellite design, thus reducing development time and cost (Mehrparvar, 2014).
To comply with Federal Communications Commission (FCC) licensing requirements and
guidelines set by Inter-Agency Space Debris Coordination Committee (IADC) (Liou et al.,
2013), a passive deorbiting rigidisable inflatable structure has been developed for AeroCube
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2. A very similar spherical inflatable has been developed at an experimental level by Naka-
suka et al. (2009). The inflatable was pillow shaped, the pillow had a width of 23 cm and a
height of 15 cm. Kapton R© with a thickness of ≈ 0.2 mm was used for the skin of the pillow,
this was sealed with Kapton R© tape. To keep the structure deployed once the structure lost
pressure, several aluminium strips have been attached to the skin in a cross arrangement.
To increase the packaging efficiency the pillow was ‘W’ folded. To minimise the packag-
ing height of the pillow the edges of the folds were not overlapped. The inflation system
was based on a modified Microelectromechanical Systems Enabled PicoSatellite Inspector
(MEPSI) cold gas propulsion system. Liquid DuPont HFC-236fa refrigerant was stored in
a 3D printed manifold. This resulted in a seamless manifold. The manifold had a single
opening for the flow control valve. The inflation subsystem occupied a volume of 103 cm3
and had a mass of 0.11 kg, the spacecraft had a mass of 1 kg (Fuller et al., 2010). To reduce
initial stresses due to inflation, a gas supply line connected the inflation system with the
pillow. The CubeSat was launched in April 2007 in an elliptical orbit with a perigee of 650
and an apogee of 770 km. The orbit had an inclination of 98◦. Partial success was achieved
during the mission. However, the pillow did not deploy due to high power drain resulted
from the previous experiments. This prevented the satellite to respond to commands sent
from Earth.
In 2009 AeroCube 3 was launched. This 1.1 kg CubeSat was launched in a circular orbit
at an altitude of 460 km and at an inclination of 40.5◦ (Hinkley, 2012). To increase the
deorbiting time from the expected thirty-six months to one month a non-rigidisable spherical
balloon with a diameter of 0.6 m was integrated into the design. The balloon was constructed
with four aluminised Mylar R© film gores. The film had a thickness of 25.4 µm. The gores
were sealed by melting and folding the edges of the gores towards the centre of the balloon.
The inflation system developed for AeroCube 2 was also used by AeroCube 3. To deploy the
balloon a pressure of 15 Pa was required and 0.1 ml of saturated Suva R© 236fa refrigerant
was used. The balloon subsystem occupied a volume of 155 cm3. The mass of this system
was 0.117 kg. The balloon did not inflate as the supply tube tangled. Using an onboard
camera system, it was observed that the deployed shell increased the projected drag area
of the spacecraft by a factor of 2. In a successful mission with an inflated balloon, the
spacecraft drag would have increased by a factor of 12.
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2.2.7 InflateSail
The InflateSail mission, was a technology demonstrator for a light-weight deployable and
rigidisable metal-polymer laminate cylinder, Cool Gas Generator (CGG) and an aerody-
namic drag-sail deorbiting system (Viquerat et al., 2015, 2014). The satellite was part of
the European QB50 mission. InflateSail was launched in 2017. InflateSail was based on the
3U CubeSat chassis (10 × 10 × 30 cm), of which 67% is dedicated to the inflatable cylinder,
inflation system and drag-sail. The CGG based inflation system is shown in Fig. 2.4 (a)
and the deployed spacecraft is rendered in Fig. 2.4 (b). The inflatable/rigidisable cylinder
was constructed with an aluminium-boPET-aluminium laminate. The laminate had a total
thickness of 41.8 µm. This material is presented in detail in Chapter 3, the laminate is
referred to as laminate 2. The cylinder had a deployed length of 1 m and a diameter of
90 mm. The cylinder is packaged using an origami pattern. The packaged cylinder had a
height of 63 mm. Once deployed the cylinder was strain rigidised. To maintain the pressure
in the cylinder a Mylar R©-C internal bladder has been incorporated in the cylinder. To
enhance the structural performance of the cylinder, while the drag-sail was being deployed,
the internal pressure was maintained. Once the drag-sail was deployed, the gas in the
cylinder was vented. The CGG system that was used in this mission was tailor-made by
Netherlands Organisation for Applied Scientific Research (TNO) and CGG Safety Systems.
For redundancy, two such systems have been incorporated in the spacecraft. Each CGG
could provide up to 3.9 grams of nitrogen gas.
Conventional solid-state gas generators are used in a series of specialised terrestrial appli-
cations such as fire suppression and airbag deployment systems, where large quantities of
gas are needed in a short period of time. To release the chemically stored gas, the solid
propellant is ignited and decomposed through a combustion process, however, this pro-
cess releases gas at elevated temperatures (often exceeding 1000◦ K) (Sanders et al., 2008).
Furthermore, to regulate the temperature, heavy heat exchangers are used and reactive haz-
ardous chemicals are added to the propellant mixture. These drawbacks result in a limited
range of uses for this type of gas generator. A more versatile type of generator has been
developed by TNO in conjunction with Bradford Engineering CGGs (Sanders et al., 2008;
TNO Defence, Security and Safety, 2013). In contrast, to conventional technology, in this
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(a) Assembled CGG (Viquerat et al., 2015) (b) Deployed InflateSail showing the rigidised 1 m
long aluminium-polymer laminate cylinder and the
drag-sail with a cross-sectional area of 10 m2 (Vi-
querat et al., 2014)
Figure 2.4: InflateSail technology demonstrator
system, the combustion process is kept internal and the spent fuel remains in the housing
of the generator. The resulting exhaust has a high purity and the exhaust is generated
at ambient temperatures. CGGs may be tailored to produce a range of gasses, these are
nitrogen, oxygen, hydrogen, carbon dioxide and a high yield gas mixture. Nitrogen with
a purity of 99% is produced. CGG’s reliability has been demonstrated successfully on the
Project for On-Board Autonomy (PROBA) 2 spacecraft by at least seven years of combined
ground and space storage. In this mission, the gas of the electrical propulsion system was
replenished with inert nitrogen gas exhausted from the CGGs (Sanders et al., 2010).
2.3 Packaging of Metal-Polymer Laminate Structures
Thin-film structures packaging is based on the knowledge that was built over the years
in the parachute industry and origami art. The structure must be packed such that the
available stowage space is used efficiently and the packaging method does not interfere
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with deployment (Grahne and Cadogan, 2000). To rate a packaging method, two metrics
may be used. These are the Packing Factor (PF) and the Packaging Efficiency (PE).
While spherical structures are packaged a PE ranging between 50 and 80% may be reached
(Cadogan, 2001a). PE and PF are expressed mathematically as,
PE =
Inherent material volume
Packaging container volume× 100 (2.1)
and
PF =
Packaging container volume
Inherent material volume
. (2.2)
2.3.1 Packaging of Spherical Structures
Two packaging techniques for spherical structures were found during the research phase of
this project. Within the PAGEOS I program, a PE of 33% was achieved, however, in the
early design stages of the spacecraft it was believed that a PE of 50% may be achieved
(Talentino, 1966). Initially, the structure was pleat folded. The pleat folds run along the
longitudinal edges of the gores. To improve the pleating process, the gores were initially
sealed and then folded. Figure 2.5 shows the initial pleat folding of a sphere and the cross-
sectional cut-out of pleat folds. To eliminate the laminate built-up at the poles of the
sphere and utilise all the available space the pleat number was reduced near the poles by
modifying the folding template to 3.4 pleats/gore. To minimise post-deployment fatigue in
the aluminium films, care was taken not to exceed the optimum number of folds/gore, in
the central regions each gore was pleated into 5 sections. To prevent laminate from sticking
to itself during the launch phase, as the structure was folded anthraquinone and benzoic
acid dust was distributed uniformly throughout the sphere, as shown in 2.5, the pleat-folded
sphere was then ‘Z’ folded, creating an accordion-like structure. The pleat folding started
at the poles. The pleated satelloon was slightly rotated as is was placed into the stowage
canister, this rotation was done to achieve the maximum possible space available. The
stowage canister was rotated by 10◦ with each accordion fold. Once packaged, to prevent
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residual air build-up, the sphere was placed in a sealed bag where the pressure was reduced
6.7 KPa. This low pressure was maintained for twenty-four hours.Cross-sectional cut-out of the folded sphere
Folded sphe
re PAGEOS
ECHO IIKey:CanisterLaminateIndividual pleats
Polar cap
Step 1 Step 2
Angled    fold
Regular    fold
Figure 2.5: Satelloons packaging techniques
The packaging of ECHO II was simplified. ECHO II was not rotated with the introduction
of each accordion fold. As shown in Fig. 2.5, the folded satelloon did not occupy all the
space available in the stowage canister. This resulted in a pyramid-like packaged stack,
increasing the height of the stack. In this volume, equipment was placed. By covering
this space with a mould (side bolsters) the packaged sphere was prevented from shifting
during vibration tests but also deployment was more predictable. An hour was required
to package ECHO II, the duration of this step was reduced to prevent air from entering
the sphere. Air evacuation wicks were installed across the surface of this canister. The
stowage canister was placed in a vacuum chamber. When the out-gassing rate of trapped
air from the packaged sphere reached a lower rate than 0.14 Pa/hour, the stowage canister
was sealed. The pressure within the stowage canister was maintained at a pressure of 200
Pa until deployment.
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2.4 Packaging of Cylindrical Structures
Considering the stowage requirements, airflow characteristics and deployment dynamics of
an inflatable structure, one of several packing methodologies may be implemented, includ-
ing, rolling, ‘Z’, telescopic and origami folding.
2.4.1 Roll Packaging
The roll packaging method is one of the simplest methods in which a cylinder may be
packaged. However, the deployment of such a cylinder is chaotic. To roll fold a cylinder,
initially, the cylinder must be flattened, resulting in two peak folds that join the two open
ends of the cylinder. The rectangular section is then rolled into a coil. Typically, the cylinder
is inflated from the outermost opening. Figure 2.6 shows a cylinder that has been packaged
using the rolling method and a second cylinder that is undergoing deployment.
Rolled cylinder Deploying rolled cylinder
Figure 2.6: Cylinder roll folding
2.4.2 ‘Z’ Packaging
This conventional ‘Z’ folding method is given in Fig. 2.7. ‘Z’ packaging is applied to a
cylinder by connection the two open circular ends of the cylinder with two axial or hoop
folds. This results in a flat rectangular section of material. Next equal spaces along the
length of the rectangular section are market, then at each mark, the cylinder is folded. By
alternating the direction of folding (e.g. peaks and valleys) an accordion-like structure is
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Conventional Katsumata folding
Figure 2.7: Cylinder ‘Z’ folding
created. High PE is achieved by compressing axially the accordion-like structure. As ‘Z’
folding separates the inflatable into discrete volumes, the flow of inflation gas is impeded by
each fold. This not only slows the time of deployment as each volume must be individually
inflated in sequence, but also the deployment becomes highly unstable in the axial com-
ponent of the fold lines (direction along the length of the cylinder). A more advanced ‘Z’
folding method has been developed by Katsumata et al. (2010), this is also shown in Fig.
2.7. This allows the smooth deployment of a cylinder by creating an open passage for the
inflation gas even when the structure is stowed. Katsumata’s work was compared experi-
mentally to the deployment of a rolled cylinder, conventional and modified ‘Z’ packaging
method. The cylinders were constructed with a three-ply aluminium-polymer laminate with
a total thickness of 76 µm. The individual cylinders had a deployed length of 900 mm a
diameter of 100 mm. The rolled cylinders deployed in a stable manner up to a length 600
mm, after which the remaining still rolled section deviated from the deploying path. In
contrast, the deployment of the conventional ‘Z’ folded cylinder was highly unstable, from
the start of deployment. This behaviour was also visible by tracking the gas flow rate and
internal pressure, where with the deployment of each contained volume between two folds
resulted in high-pressure peaks. Katsumata ‘Z’ folded cylinder showed stable deployment
like the initial stage of the rolled cylinder. Furthermore, the inflation time of this folding
method was reduced from 7 to 5 s. Other work, (Wang and Johnson, 2002) has shown that
the deployment of simple ‘Z’ folded cylinder may be controlled by increasing the inflation
rate, or by using residual air to push the folds apart. However, this procedure presents
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a high risk, as the structure may become over pressurised. Another issue arises from the
additional angled folds in the Katsumata method as the shell material is weakened along
the creases (Veal et al., 2004). This reduces the overall strength of the cylinder during and
after inflation.
2.4.3 Telescoping Packaging
To telescopically package cylinders, the process is started with tapered cylinders (Veal
et al., 2004). A telescopic packaged cylinder is shown in Fig. 2.8. The edge with the largest
diameter is attached to the main structure. An end cap or a mandrel may be attached to
the extruding (smaller diameter) end of the cylinder. This is also shown in Fig. 2.8. The
cylinder material is folded inward thus producing an accordion-like structure with the folds
only running across the circumference of the cylinder, this type of fold is also referred to as
a ring fold. As more folds are added, a disk shape is formed. Telescopically folded cylinders
have a series of advantages, there is a minimum gas path, the packaging efficiency is high
and the deployment is predictable and controllable. As there is a clear gas path between
the two ends of the cylinder, the inflation gas cannot get trapped, furthermore, due to the
geometry of the packaged structure maximum pressure is applied at the top of the cylinder.
This eliminates the initial pressure spike, as the gas does not act directly on localised areas
of the cylinder skin material. However, due to the relatively high strains and stresses as the
ring folds deploy and due to the relative high ductility of aluminium alloys, metal-polymer
based laminate materials are likely to be creased as the material passes through the ring
folds. Telescoping packaging may be applied to cylinders that use flexible shells which are
Laminate End fittingKey: Internal pressure
Folded telescopic cylinder Cross-section of a folded telescopic cylinder
Figure 2.8: Telescopic cylinder folding
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rigidised using one of the other rigidisation methods that are presented in Section 2.1. This
folding technique has been patented in the US on the 7th of September 2004. The patent
has the following registration number: US 6,786,456 B2.
2.4.4 Origami Packaging
Origami packaging provides a good PF with straight line deployment such as telescopic
folding (Schenk et al., 2013). Initially, a flat sheet of laminate is marked with the desired
origami pattern. Peak and valley creases are introduced along the marked lines. The
slightly creased sheet of laminate is then wrapped around a mandrel. Two edges of the
laminate sheet are joined with transfer tape. A laminate cylinder is formed. The mandrel
is separated from the cylinder. End fittings are assembled on the two open ends of the
cylinder. Gas is then released into the sealed cylinder. The gas is maintained at a much
lower pressure than the equivalent rigidisation pressure. Force is applied to the top fitting
of the cylinder, this allows the manufacturer to collapse the cylinder’s skin along the fold
lines. As the internal volume in the cylinder reduces, gas is vented but the internal pressure
is maintained, until the cylinder has been collapsed into the fully packaged state. Figure 1.2
shows the steps that are applied in the packaging of a cylinder to which the origami patters
has been applied. While the cylinder is collapsed into the stowed state the structure forms
flat faces that are joined by folding lines. The open section provides uninterrupted gas flow
between the two ends of the stowed cylinder, leading to rapid deployment. However, this
FoldedCylinder with folding pattern Collapsing
Figure 2.9: Folding of a laminate cylinder using the origami pattern. The cylinder end
fittings are not shown in this figure.
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type of folding pattern is difficult to implement. The deployment of one such cylinder is
shown in Fig. 2.9. This cylinder was used in the InflateSail mission that was presented in
Section 2.2.7.
2.5 Packaging of an Aluminium-polymer Laminate Hybrid
Cylinder
The performance of rigidisable and non-rigidisable inflatable structures is dictated by several
design parameters such as material selection, sealing method, thickness and the value of
pre-strain. The simplest cylinder design is shown in Fig. 2.10, this cross-section of this
design is referred to as Conventional. This configuration consists of the laminate and
transfer tape that seals the internal volume. This design is lightweight but has relatively
low stiffness. Additionally, a balancing strip of the laminate may be attached to the external
face of the cylinder. This balances the cylinder by having the same amount of laminate
material on opposite sides of the cylinder walls. Hybrid cylinders, also called Carpenter Tape
Reinforced (CTR) aluminium-polymer laminate cylinders, have been developed by Lou et al.
(2000) at JPL. These structures can sustain high buckling loads like resin cured rigidisable
cylinders but also retain rigidisation reversibility, ease of storage and high packaging ratios
in comparison to other packaging methods. As shown in Fig. 2.10 a dummy seam is also
placed on CTRs. The fake seam is located at an angle of 180◦ from the actual seam to
prevent bending post-deployment. The higher strength of CTR cylinders results from the
embedded carpenter tapes. Carpenter’s tapes are self-retracting metal tapes that are used
to measure distance, the tapes are usually made from steel. The metal tapes resist inward
buckling due to the high modulus of elasticity and the unique cores-sectional profile. The
aluminium laminate outer shell complements this effect by resisting outward buckling. As
the cylinders are not required to be rigidised using the conventional method that is presented
in this Chapter, the deployment/rigidisation pressure is reduced. However, high stiffness is
still achieved. This, has a large effect on the construction method, since less adhesive may
be used around the seam. The largest advantage of using this type of cylinders results from
a reduction of the requirements of the inflation system. From conducted experiments, it
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Laminate Carpenter's tape Transfer adhesive
CTRBalancedConventional
Key:
Figure 2.10: Cross-section profile of the simple cylinder design (left) and the CTR cylinder
(right) (adapted after (Lou et al., 2000))
was observed that by initially rolling the cylinders around a mandrel the cylinders partially
deployed under their own stored strain energy, resulting from the CTRs. As the cylinders
were repackaged, deployed and tested, results showed that the maximum buckling load
decreased with each cycle, however, by increasing the pressurisation time from 5 to 135
minutes, there was a slight increase in the buckling load. It was assumed that during rolling
the inner layer of the skin was put into compression and the outer skin was stretched. This
introduced wrinkles on the surface of the cylinder. Experiments show that this effect may
be reduced by increasing the inflation time. These observations were further supported by
numerical results. But the configuration of the CTR cylinder shown in Fig. 2.10 may be
scaled up to 10 m without loss in performance. Recent developments include the use of a
Velcro strip to prevent uncontrolled deployment. These cylinders tend to be much heavier
than simple aluminium-polymer laminate cylinders. A cylinder with a length of 5 m could
support a mass of 1.28 kg (Fang and Lou, 2006). However, CRT cylinders are much more
difficult to fold due to embedded carpenter tapes, therefore simpler aluminium-polymer
laminate cylinders will be utilised in the developed spacecraft that is presented in Chapter
5.
2.6 Imperfections in Cylindrical Structures
In a typical structural application, cylinders can sustain much higher tensile loads than
the equivalent compressive or shear loads. By compressing a cylinder beyond the critical
collapse value, thus deforming the geometry beyond the current equilibrium point, a new
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equilibrium point will be reached or the cylinder may collapse. In the last 75 years, exten-
sive studies have been conducted for the analysis of buckling cylinders and to explain the
observed discrepancies between classical theory and measured values. However, it was early
understood that this effect arises from the small deviations in initial geometric imperfections
and the highly unstable post-buckling behaviour (Singer et al., 2002) at high loads. Due
to these uncertainties, a large portion of design continues to rely on semi-empirical anal-
ysis. Two approaches are typically used. Eigenvalue analysis may be applied to cylinders
which undergo non-linear post-buckling behaviour (Yamada and Croll, 1999). The initial
imperfections are incorporated in the initial post-buckling characteristics of an idealised
cylinder. This type of analysis works well with axially loaded cylinders where imperfections
are assumed to a have smaller magnitudes than typical post rigidisation residual creases
that are resulted from the packing of metal-polymer laminate cylinders.
More recently with advances in computing science, Finite Element Analysis (FEA) proce-
dures have been developed (Kobayashi et al., 2006) to solve such problems. This type of
non-linear analysis has been successful in replicating in detail the observed experimental
behaviour. However, this type of analysis is very costly, especially in the early stages of a
design life-cycle, where parametric studies are required.
For cylinders that are constructed with metal-polymer laminates, the largest sources of
imperfections are seams and post rigidisation residual packaging folds. For example, in
metallic structures, welding seams geometrically deviate the surface from the ideal shape.
Furthermore, due to non-uniform cooling residual stresses remain present in the skin. Re-
gions that are subject to the high temperatures that are encountered during welding usually
yield are yielded. The size of the yielded region around the weld ranges between two to four
times wall thicknesses of the cylinder (Dwight and Moxham, 1969).
The buckling process of a cylinder undergoing a compressive axial force is shown in Fig.
2.11 (a). While force is being applied, the applied force P and strain  space, the cylinder
follows a linear pre-buckling profile until the shape of the cylinder surface changes as given
by point. This line is given by points 0 and A. If the cylinder is rigidly supported there
is a sharp decrease in the axial load but the strain remains constant. This is shown by
the dotted line connecting points A and B. If the testing rig is more flexible there will
34
2.6. Imperfections in Cylindrical Structures
ϵ
P
E
FA
G B B1 CD D10
(a) Typical buckling behaviour for a cylinder under-
going axial compression (Singer et al., 2002)
(b) Typical chess board pattern present on the sur-
face of a buckling cylinder
Figure 2.11: Cylinder buckling due the application of an axial load
be an increase in the strain and the first post-buckling equilibrium state is reached at the
point B1. The slope of the line is dependent on the elasticity of the supports. This slope
may follow a non-linear curve due to the high speed associated with buckling. When the
load is removed the post-buckled structure in a stable mode. By continuing to increase the
load the cylinder transitions to an unstable state and the shell jumps back following curve
BE. By removing the load completely, the cylinder relaxes linearly. Returning to point 0
along the E − 0 line. If the axial length is further shortened (due to the compression of
the cylinder), the load carrying capacity slightly increases until the shell becomes unstable
and the cylinder jumps along curve CD. Classical theory predicts a chessboard buckling
pattern as shown in Fig. 2.11 (b), this is different from the typical two-tier post-buckling
pattern. As P and axial shortening are increased the number of circumferential waves is
reduced by one. Theoretical follows curve 0FGB. The difference between the theoretical
buckling load F of a perfect shell is greater than the experimental value at A, due to the
unstable post-buckling behaviour resulted from initial imperfections.
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2.7 Large Elastic and Plastic Deformations
Bisshopp and Drucker (1945) showed a derivation for linear elastic cantilever beams under-
going large deflections. The work is based on Euler-Bernoulli theory, however, some changes
to classical theory were made. The square of the curvature derivative was not neglected
and a correction for the shortening of the moment arm was included. A complex solution
was given in terms of elliptic integrals. These equations were numerically solved and have
shown good agreement with experimental results (Bele´ndez et al., 2002). In a later publi-
cation, Bele´ndez et al. (2003) also included the effects of gravity in the form of a uniformly
distributed load. An elastic model for the deflection of initially curved bars and the change
in the position of the neutral axis has been derived by Bansal (2009). However, this model
assumes that deformations are small and that Hooke’s law applies. A simplified analysis of
a plastically strained crease that is under the action of a constant tensile load was derived
by MacNeal and Robbins (1967). The crease was modelled as a plastic hinge, however, work
hardening and the stress distribution in regions with high strains were ignored. Greschik
and Mikulas (1996) conducted one of the earliest studies on the effects of crease induced
imperfections in aluminium-polymer rigidised cylinders. While a cylinder is pressurised, it
has been mathematically shown that a geometrically compliant mechanism stretches the
axial creases more than the hoop creases, resulting in higher post-rigidisation imperfections
in along the hoop folds. This effect was evaluated experimentally in this work in Chapter
3. A series of cylinders were constructed from four aluminium laminates, the cylinders
the packaged using the conventional ‘Z’ packaging method. After the rigidisation of the
cylinders coupons were cut from the folds regions (axial and radial folds). Various imag-
ing techniques were used to observe the residual creases and the magnitude of the residual
creases were compared in terms of curvature. Furthermore, Greschik and Mikulas (1996)
have developed a mathematical procedure that shows the rigidisation of a single crease. The
model assumes that a transverse load is applied to an initially curved cantilever, where the
cantilever is made from a single ply of aluminium foil. The model is limited by the assump-
tion that the foil is initially unstressed and yielding occurs across the entire length. The
compacting of a polymer membrane undergoing elastic-plastic deformations and relaxation
has been experimentally evaluated by Satou and Furuya (2011). A linear elastic mathemat-
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ical model has been formulated to examine the relationship between the applied force and
layer pitch, in addition, the problem was simulated using FEA. Yu and Johnson (1982);
El-Megharbel et al. (1990) created a framework of obtaining the spring-back curvature and
deflection of a metal plate that has previously undergone small elastic-plastic deformations
due to combined bending moments and axial forces encountered in a typical metal forming
process.
2.8 Bending of Metal Foils
The bending of foils has been studied in terms of single crystalline beams. Nozaki et al.
(2003) has used a finite element molecular dynamics approach to observe the formation
of dislocations in a single copper crystalline of the foil that is undergoing pure bending.
Dislocations are planes of imperfections in crystalline structures. When plastic deformation
occurs in a crystalline structure the atomic planes slip over one another along the dislocation
planes. The largest plastic distortions are observed near dislocations (Hosford, 2008). If
defects were not presents on the tension and compression sides foil, dislocations started
forming on the compression side at strains greater than 0.16. When a notch was present on
the tension side, partial Heidenreich-Shockley dislocations were formed at the notch. While
such a foil is bending, it was concluded that the compression side is more likely to form
dislocations than the tension side, dislocation on the compression side are created due to
wrinkling in the crystal plane.
Idiart et al. (2009) investigated the impact of size effect in the plastic bending of thin metal
foils. In material science, the size effect is referred to an increase in the strength of a metal
resulting from the reduction in the volume in which plastic flow occurs (Dunstan et al.,
2012). Nickel foil of various thickness, ranging from 1 to 12 µm, were modelled, the models
were then compared against experimental results. The foils were modelled as isotropic
beams undergoing pure bending, under a state of plane-strain. The induced curvature of
the beams has resulted from the displacement of the boundary conditions. The foils were
solved as elasto-plastic and elasto-viscoplastic foils using the minimum principles (I and
II) and closed-form solutions. During bending elasto-plastic and elasto-viscoplastic energy
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is store elastic straining and this energy is then dissipated due to plastic straining. To
obtain experimental data, the foils were bent around the surface of a mandrel. The bending
moment was then obtained from the springback of the foil, this type of test is called the
load-unload principle. The models and experimental data show good agreement, where an
increase in the size effect is inversely proportional to the thickness of the foils.
2.9 Measurements of Young’s Modulus in Aluminium Foils
According to Kissell and Ferry (2002); ASM International (1990), the Young’s modulus of
bulk aluminium is equal to 68.9 GPa. However, since the first tests performed by Price
and Pezdirtz (1964) on thin aluminium foils to verify the Young’s modulus, the measured
values were not only lower than the standard value for bulk metal but also fluctuated by
a large margin. A summary of measured elastic modulus for a range of aluminium foils
of various thickness are given in Table 2.1. The authors of the given literature state the
uncertainty in the measured values is usually attributed to the experimental configuration,
including sample slippage, or due to manufacturing inconsistencies such as variations in the
thickness of the foils. Considering the work that was conducted in the next chapters, it is
believed that the inconsistencies that are presented in Table 2.1 result from the foil forming
process in which the microstructure of the aluminium is altered by cold working or heat
treatments. It likely that each of the presented aluminium alloys has undergone a different
manufacturing process. The storage conditions are likely to affect measurements that are
taken during cantilever tests. In the presented work it was found that by positioning the
long edge of a metal-polymer laminate coupon in different orientations that run parallel or
perpendicular to the storage roll direction, the degree of deflation changes. The results are
presented in Chapter 4, Section 4.2.3.4.
A cantilever test is conducted by suspending a rectangular laminate coupon from the edge
of a surface. The coupon is secured at one end and it is free the other end, this side of
the coupon is called the free end. At the secured end, the built-in condition is applied,
where the coupon cannot translate or rotate about the built-in point. The coupon deflects
due to self-weight. The deflection is measured at the free end, the maximum deflection of
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Table 2.1: Various values for the Young’s modulus of aluminium foils of different thickness
and alloys obtained with different testing methods, where the data in this table originates
from ∗ Price and Pezdirtz (1964), ? Klein et al. (2001), ‡ Hussain and Viswanath (2007), †
Kao-Walter et al. (2004), ∨ Lederer et al. (2010), ± Knight (2014), unionmulti Barton (2016) and 
Ka¨ck and Malmberg (2015)
Testing Method Source t, µm E, GPa
Cantilever ∗ 4.6 43.1
Tensile
?
50 69.1
125 70.5
250 69.4
‡ 9.5 54.7
† 6.25 34.2
∨
48 58.3
54 55.6
±
7 32.3
10 23.4
14 23.8
20 21.2
unionmulti 16.9 18.4 - 31.4
Vibration ‡ 9.05 10.65
DIC
 9 35.1
unionmulti 16.9 31.5 - 35.4
the coupon is located at this point. The results are then compared against the calculated
deflection. Price and Pezdirtz (1964), used heavy elastica theory (Saje, 1990) to calculate
such deflections. The Young’s modulus is then varied in the model until the same deflection
is matched. In a vibration test, the test is usually non-destructive to the sample (Hussain
and Viswanath, 2007). The sample of material is excited and the frequency response is
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recorded. For a non-contact analysis, a piezoelectric sound generator may be used to excite
the sample and a laser vibrometer to record the results. Likewise, with the cantilever model,
the coupon is modelled and the Young’s modulus is varied in the model until experimental
results matched the model. Other testing methods include thermal expansion (Laugier,
1981) and bulge testing (Barton, 2016). Results from these tests have not been included in
the table.
A tensile test is conducted by securing a sample of material in between two clamps. By
applying force to one of the clamps, the displacement and of the fitting and the force
applied are recorded. The force is gradually increased to a desired value or until the sample
is destroyed. By placing a strain gauge behind one of the grips, as the force is increased, the
electrical resistance across a strain gauge is changed as a result. The change in resistance is
then compared against a set of corresponding force values. The force vector is then divided
by the material cross-sectional area to obtain the stress in the coupon. The stress is then
plotted against the corresponding strain value in the material. The strain is obtained by
normalised the initial length of the coupon against its extension. To eliminate the effect of
coupon slippage during a tensile test, a DIC system may be used. With this method, the
sample must be coated with a speckled pattern, a contactless camera system records the
translation of the individual features and the strain values are calculated using dedicated
software (Barton, 2016).
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Chapter 3
Aluminium Based Metal-Polymer
Laminates
In this chapter four metal-polymer laminates are described, furthermore the physical and
mechanical characteristics are given. These laminates showcase three different ply layups
which cover a range of materials that have different mechanical properties and ply thickness.
Using these laminates, a series of cylinders have been constructed, packaged using the ‘Z’
folding method, deployed and rigidised. Coupons were cut from the folded regions prior and
post rigidisation. Additional, coupons were cut from pristine laminates where a single fold
was introduced, but these folds were not deployed or rigidised. The coupons were imaged
using a Scanning Electron Microscope (SEM) and a 3D surface profiler. Attention was given
to the regions of the images where folds were introduced. Here the curvature values were
measured and the results were compared. The results agree with theory that was published
by Greschik and Mikulas (1996). The authors state that two distinct mechanisms flatten
the hoop and axial creases in a rigidised aluminium cylinder that was previously ‘Z’ folded.
As a result, the post-rigidisation axial folds encounter a higher degree of flattening than the
hoop folds.
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3.1 Aluminium-Polymer Laminates
Four different aluminium laminates are characterised in this section. The ply sequence
and the total and individual layer thickness for the laminates are summarised in Table
3.1. Laminate 1, is an off-the-shelf two-ply aluminium-PET material. Designations 2 and
3 are three-ply custom-made aluminium-BoPET-aluminium and aluminium-PI-aluminium
laminates. In laminates 2 and 3, the polymer film is sandwiched between the metal foils.
Laminate 4, also has three plies, however, this laminate has a relatively thick aluminium foil
core and much thinner PI external plies. Due to the larger thickness, this laminate exhibits
limited compliance during cylinder construction and folding, therefore this material has
been evaluated only in this chapter.
As two of the laminates used in this work are off-the-shelf e.g. laminates 1 and 4, the
thickness of the individual plies and adhesive layers was unknown. To obtain the thickness
values that are presented in Table 3.1 and to verify the ply thickness values given by the
suppliers of laminates 2 and 3, SEM imaging was used. Laminate coupons were cut and
encased in epoxy blocks. The laminate samples were placed such that the edge of the
coupons rested flat against the base of two plastic moulds. Two clear epoxy resigns were
mixed and placed in the moulds. Once the epoxy blocks cured and the base surfaces of
the blocks were polished, the smooth polished surfaces were vacuum coated with a thin
gold layer. Several thickness measurements were taken from each sample, these values were
Table 3.1: Laminate physical properties, where the abbreviations M, P and A represent the
metal foil and polymer plies and adhesive layers
Laminate Sequence
Material Thickness, µm
M P M P A Total
1 M-P Al PET 13.0 13.1 1.9 28.0
2 M-P-M Al BoPET 12.1 11.6 3.0 41.8
3 M-P-M Al PI 14.9 13.3 4.0 51.2
4 P-M-P Al PI 56.0 23.0 8.0 117.9
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then averaged. The SEM images of the individual laminates are shown in Fig. 3.1. The
individual plies of material and adhesive layers have been colourised. They key for each
colour is given in the figure. Note, for simplicity in Chapter 4, the thickness of the adhesive
is integrated in the thickness of the polymer.
(a) Laminate 1, ×850 (b) Laminate 2, ×850 
(c) Laminate 3, ×850 (d) Laminate 4, ×430 metal foil adhesivepolymer filmKey:
Figure 3.1: SEM images of the four laminate materials under investigation. In each figure,
the individual plies and adhesive layers have been colourised
3.2 Mechanical Properties Characterisation
A series of tensile tests have been performed on coupons from laminates 1, 2 and 3. The
tensile tests on laminate 3 were conducted by Knight (2014). Coupons from the rolls of
laminates 1 and 2 were cut with the rolling/metal grain direction (Φ = 0◦) and normal to
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this direction (Φ = 90◦). The rectangular coupons had a width of 2 cm and a length of 15
cm. The testing region in each coupon had a length of 10 cm. The coupons were cut with a
scalpel from the rolls of laminate. To minimise edge fraying it was important that a sharp
scalpel was used during this process. All samples were marked with a unique designation,
representing the test number and roll orientation. A total of ten samples were evaluated
from each laminate. In five samples the aluminium foils were orientated with the grain
direction and in the remaining five samples the foil grain direction was normal to the length
of the samples. An Instron machine was used to conduct the tensile tests. The Instron
machine was equipped with a load cell that could take measurements up to a maximum
load of 100 kN. The laminate coupons were held in place with two sets of compressed
air grips that were padded with rubber. The tests were performed at a strain rate of 2
mm/minute. The coupons were placed in the tensile testing machine while a constant force
of 0.2 N was applied. The specimens tended to fail in the centre of the coupons, specimens
that failed at the grips were discarded. The stress-strain results are shown in Fig. 3.2.
The tensile stress values, shown in the figures have been calculated by dividing the tensile
force by the cross-sectional area of the foil/foils only. It is believed that due to the large
difference in the Young’s modus of bulk aluminium to the Young’s modulus of polymers
(a) Laminate 1 (b) Laminate 2
Figure 3.2: Tensile tests performed on coupons of laminates 1 and 2
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such as PET, BoPET and PI, the polymer has a minimum effect on the strain-stress curve
resulted from tensile test. Furthermore, the polymer plies do not yield at the low strains at
which aluminium starts to yield.
Knight (2014) has conducted tensile tests on laminate 3. Initially coupons of the laminate
were cut at different orientations to the stowage direction. No difference was observed
between the roll and transverse direction, therefore the results presented here are given for
one direction (rolling direction). Rectangular specimens with a length of 150 mm and a
width of 19 mm were cut. The coupons had a testing region with a length of 112 mm. To
obtain a linear curve to calculate the Young’s modulus, several loading and unloading cycles
have been conducted. The tests were performed at a rate of 0.6 mm/min. Five loading
and unloading cycles have been conducted, with the following increase in the applied axial
load, 20, 30, 40, 45, and 50 N. A set of custom made claps were used in these experiments,
the clamping surfaces had a rough finish to prevent slippage. Once the specimens were
loaded in the clamps, a camera was connected to the Instron machine. The camera took
a picture every two seconds. Marks were placed on the surface of the laminate. The
strains were obtained by using Digital Image Correlation (DIC) software. By tracking the
relative displacement of the individual marks, the strain values were calculated and were
synchronised with the applied force values. The tensile tests results are presented in Fig.
Figure 3.3: Tensile tests performed on coupons from laminate 3 (Knight, 2014)
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3.3. Likewise, in the earlier tensile tests that were conducted for this work, the stress
values in the presented plot have been divided by the cross-sectional area of the metal foils
only.
Except for laminate 3, the plots for laminates 1 and 2 show two distinctive yielding regions.
It is assumed that in laminates 1 and 2 the metal contributes with a large proportion to
the mechanical behaviour of the material, wherein laminate 3 the aluminium alloy is much
more ductile. This mechanical property was also observed when the laminate was handled.
By considering the stress-strain curves for laminates 1, 2 and 3, a simplified mechanical
model has been created for each of the aluminium foils that are found in these laminates. It
has been assumed that in the presented strain range of 0 to 0.05, the polymer has a limited
effect on the stress-strain behaviour of the laminates. Figure 3.4, shows the tensile test data
plotted against the respective foil material model. It is important to note that the material
models presented here are a rough approximation of the foil’s behaviour. Firstly, as stated
in Section 2.9, the measured Young’s modulus value in aluminium foils varies form the value
for bulk aluminium. Therefore, in this work it is assumed that the Young’s modulus of the
foils is equal to the value for bulk aluminium. The values for bulk aluminium have been
used for the elastic modulus of the foils (Kissell and Ferry, 2002; ASM International, 1990).
Next, in these models the yield stress for the foils was assumed to be equal to the measured
yield stress for the laminates. In the models the second gradient (that is equivalent to the
work-hardening behaviour), is equal to the gradient of the laminate tensile test strain-stress
curves between strain values of 0.03 and 0.05. The results from the tensile tests and material
models that are presented in Fig. 3.4, are summarised in Table 3.2. These metal foil values
that are given in this table are used in the numerical and FEA models that are presented
in Chapter 4. No values are given here for laminate 4.
In attempting to identify the exact aluminium alloys used, the laminates were analysed
using Energy Dispersive X-Ray Spectroscopy (EDS). Due to the low percentage of trace
elements that identifies each aluminium alloy (typically trace elements constitute 0.5 %
of the total material mass) this method was unable to identify more than three elements.
Although, other methods may be used to find the exact proportion of trace elements in each
alloy, the mechanical properties of thin metal foils are also altered by the manufacturing
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Figure 3.4: Material model for the metal foil of laminates 1, 2 and 3
process such as cold rolling and heat treatments.
Table 3.2: Mechanical properties of the laminates that are used in the material models,
where Eα denotes the elastic region modulus, Eη denotes the plastic (or work-hardening)
modulus and σy is the yield stress
Laminate Eα, GPa Eη, GPa σy, MPa
1 68.9 0.39 69
2 68.9 0.36 92
3 68.9 0.38 39.7
3.3 Rigidisation
An aluminium laminate structure is rigidised by increasing the internal pressure in the
envelope slightly above the yield point of the ductile metal ply, thus permanently deforming
the structure in the deployed state and removing any prior wrinkles (Cadogan, 2001b). For
cylindrical thin walled pressure vessels, the axial, σa and hoop, σh skin stresses are given
as,
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σa =
Pr
2t
,
and
σh =
Pr
t
.
Where, P is the internal pressure, r is the radius of the spherical or cylindrical envelope
and t is the thickness of the metal ply. Considering that the load acts parallel to the
axial component of a cylinder, by applying the ‘Von Mises’ criterion under plane stress
(Viquerat et al., 2014), the resulted pressure Py that is required to yield the metal ply, is
given as,
Py =
√
4
3
· σyt
r
. (3.1)
3.4 Cylinder Construction, Folding and Deployment
To investigate the behaviour of folds and packaging residual creases in metal-polymer lam-
inates prior and post rigidisation a total of four cylinders were fabricated. One cylinder
was fabricated from each laminate. The cylinders had a diameter of 90 mm and a total
length of 500 mm. A cylindrical mandrel was used as a guide during the manufacturing
process. The cylinders were sealed with 3M 966 transfer adhesive using a lap joint. Based
on previous experience a seam width of 10 mm was chosen. The open ends of the cylinders
were clamped with two aluminium rigid connectors. The fittings are shown in Fig. 3.5.
To assemble this fitting at the end of a laminate cylinder, initially the circular metal disk
(referred to as the end cap, this is marked with 1) was passed through the end of a laminate
cylinder, the laminate cylinder is marked with 2. The end cap was placed at a distance of
25 mm from the edge of the cylinder. The cylinder end was folded around the external face
of the end cap. As shown in Detail A, of Fig. 3.5, A PTFE ring was placed on top of the
laminate material and in the recess that is found on the circular end cap (marked with 1).
The laminate material was then folded outward. The support washer, marked with 4 was
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placed on top of the laminate material. The PTFE washer has a thickness of 2 mm and
the distance in between the support washer and end cap where the PTFE ring is located
is equal to 2 mm. Thus, the support washer sandwiches the laminate material in between
the PTFE ring and the circular end cap. The end cap and support washer were made from
aluminium. To fix the support washer to the end cap, six screws were used (marked with
5).
-Detail A--A-
5 14
3
2
Socket head screw
End cap
Support washerLaminate cylinderPTFE ring
1.2.3.5.4.
Key:
Laminate 
Figure 3.5: Cylinder end fitting assembly
Laminate 4 is twice as thick as any of the other laminates, and it was found to be quite
difficult to fold the material in place around the fittings. This higher skin thickness to
radius ratio resulted in a inadequate seal at the fittings. To increase the airtightness,
an internal bladder may be placed inside the cylinders during the manufacturing process.
Special fittings have been designed at the Surrey Space Centre to make use of an internal
bladder in inflatable rigidisable structures, however, as the presented set of experiments
relies simply on achieving a desired pressure an internal bladder was not used. The cylinder
preparation is shown in Fig. 3.6.
Following with the manufacturing of a pristine laminate cylinder, the central region was
flattened and two axial folds were also introduced. A single hoop fold was then introduced.
The ‘Z’ packing method was applied to the set of cylinders presented in this section because
it is relatively simple to implement, thus the handling time and the potential of adding
undesired creases in the shell are reduced. However, the deployment of ‘Z’ folded cylinders
is highly unpredictable as each hoop fold creates a sealed volume and each volume is se-
quentially opened by a rise in pressure in the preceding compartment. Since the deployment
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Figure 3.6: Cylinder preparation procedure (Top) un-creased and un-inflated cylinder. Note
the small unintentional creases around the fittings. (Centre) un-inflated cylinder with axial
and hoop folds. (Bottom) rigidised cylinder under pressure.
dynamics of the cylinder were not of interest in this instance, the folded cylinder was sim-
ply placed unfolded on an open flat surface before inflation. Using Eq. 3.1, the rigidisation
pressures were calculated for each laminate. The yield stress values that were used for each
laminate were based on tensile test results. A metal foil yield stress of 72 MPa was assumed
for laminate 4. To achieve rigidisation in all four cylinders, the cylinders were pressurised to
the values presented in Table 3.3. At the presented pressures the skins of the cylinders are
stained to values that are equal to the yield strain values for the aluminium that is found
in each laminate.
Table 3.3: Cylinders rigidisation pressures
Laminate Py, kPa
1 25
2 56
3 43
4 103
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To examine the areas of interest, a series of coupons were cut from the cylinders following
rigidisation. Each sample contained a hoop and an axial fold. Additional samples were cut
from pristine laminate material, and each was creased to form a single ‘Z’ fold (see Fig. 3.8).
The samples were then encased in polymeric epoxy. After the epoxy cured and the samples
were polished, a series of high magnification images were taken of the folded regions using
a SEM. Axial and hoop post rigidisation folding creases that are present on the surface of
a ‘Z’ folded cylinder are shown in Fig. 3.7.
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(a) Axial and hoop creases of the laminate 3
rigidised cylinder under pressure
ho
op
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se
axial crease
(b) Axial and hoop creases of the laminate 2 post-
rigidisation cut coupon
Figure 3.7: Resulting effectiveness of the crease removal in a ‘Z’ folded cylinder
3.4.1 Axial and Hoop Residual Creases
The Cauchy stress tensor, C for a thin walled cylinder under pressure in the hoop stress
component σh is given as,
C =

σh 0 0
0 σh/2 0
0 0 0
 .
51
3.4. Cylinder Construction, Folding and Deployment
Where the X axis is locally aligned with the hoop direction, the Y axis is aligned with
the longitudinal axis of the cylinder, and the Z axis is the through-thickness axis. The
deviatoric components of the stress are then given as (Greschik and Mikulas, 1996),
S =

σh/2 0 0
0 0 0
0 0 −σh/2
 . (3.2)
This equation states that the axial creases are susceptible to more flattening and more
plastic stretching than the creases that are aligned with the hoop direction. Because of this
we expect to see the axial creases much more effectively removed by the strain rigidisation
process, and this is indeed what was observed in the following sections.
3.4.2 SEM Imaging
The SEM images provide a detailed view of the changes undergone by each individual layer
in the laminate. The metal foils, polymer films and adhesive layers have been manually
colourised in each figure. Figure 3.8 shows the SEM images of the folded coupon samples.
The magnification that was used in each image is given. The material was folded, and then
allowed to spring back before being encased in resin. In the two-ply sample, shown in Fig.
3.8 (a), there is a relatively significant reduction in the thickness of the metallic film of 20%
at the point of maximum curvature. This value was obtained by comparing the relative
thickness of the metal foil at the point of maximum curvature against the known thickness
of the foil that is given in Table 3.1. Both laminates 2 and 3 show similar behaviour where
the ply on the outside of the fold was stretched and thus the thickness reduced. While
the internal metallic film has been compressed and thus the thickness was increased. On
the other hand, Laminate 4, shows large defects where the internal polymer film has de-
laminated from the metallic core. This is attributed to the high flexibility of the adhesive
layers and significantly higher ratio in the thickness of the adhesive to the thickness of
the polymer foils or metal foil plies. The central region shown a reduction in the overall
thickness of the aluminium foil. Furthermore, as laminate 4 has a higher thickness and the
ratio of polymer to metal is almost equal, a high degree of springback is observed.
52
3.4. Cylinder Construction, Folding and Deployment
(a) Laminate 1, ×850 (b) Laminate 2, ×850 
(c) Laminate 3, ×850 (d) Laminate 4, ×430 metal foil adhesivepolymer filmKey:
Figure 3.8: SEM images of folded coupon samples. In each figure the individual plies and
adhesive layers have been colourised.
Figure 3.9 shows the axial creases following deployment and rigidisation. Laminate 1 shows
a high degree of permanent deformation in which the aluminium foil has thinned at the
point of maximum curvature. Laminate 2 shows a small degree of de-lamination and the
formation of a flat region at the centre of the crease that is bound by two distinct peaks.
Considering Fig. 3.8, this is likely caused by the tougher aluminium alloy and the relatively
large radius of the initial fold. In contrast, the third specimen shows significant damage to
the internal surface of the laminate. However, the reduction in thickness is not located at
the crease. Laminate 4 appears largely unaffected. However, the metal core has elongated
sufficiently to remove any wrinkles in the surrounding polymer plies.
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(a) Laminate 1, ×850 (b) Laminate 2, ×850 
(c) Laminate 3, ×850 (d) Laminate 4, ×430 metal foil adhesivepolymer filmKey:
Figure 3.9: SEM images of deployed post rigidisation fold axial creases. In each figure the
individual plies and adhesive layers have been colourised.
Figure 3.10 shows the post rigidisation residual creases that were taken from the hoop folds.
These show much less stretching in the metal foils than Fig. 3.9 (as suggested by Eq. 3.2).
No foil damage is observed in the images taken for laminates 1, 2 and 3. The double peaks
that were observed in laminate 2 in the axial creases are not presented in the radial creases
of laminate 2. In Fig. 3.10 (d) the wrinkling of the polymer film on the compression surface
of laminate 4 is visible. However, no visible wrinkling is present on the metal core.
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(a) Laminate 1, ×850 (b) Laminate 2, ×850 
(c) Laminate 3, ×850 (d) Laminate 4, ×430 metal foil adhesivepolymer filmKey:
Figure 3.10: SEM images of deployed post rigidisation fold hoop creases. In each figure the
individual plies and adhesive layers have been colourised.
3.4.3 3D Surface Profiler
A TaiCann Xyris 4000 WL/CL, surface profiler was used to obtain high resolution non-
contact images of laminate samples taken from the post rigidisation axial and hoop folded
regions. The system was equipped with two imaging sensors: a white light and a laser
sensor (TaiCaanTechnologies, 2004). The data that was obtained using the surface profiler
was exported as a point cloud of discrete Cartesian coordinates in the X, Y and Z space. A
translating platform provided readings in the X and Y axes. The platform could translate
25 mm in each of the two (X and Y ) axes. The height (Z component) of any feature
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that was above the translating platform was determined by an optical laser or white light.
The laser sensor was used to scan the laminates because of its large sensor gauge range
of 600 µm and small spot size of 2 µm. This sensor had a resolution of 10 nm in the Z
component. Coupons from the cylinders were cut and placed on the platform, each coupon
had a width of 10 mm and a length of 10 mm. Due to the reduced metal to polymer ratio
in laminate 1, as coupons were cut, the material started curling into a spiral. To scan the
residual fold lines in this laminate, the edges of the coupons that were parallel to the crease
direction were clamped. The other laminate coupons were not clamped while they were
being scanned. The machine was set to take a minimum of 400 × 240 readings in the X
and Y axes respectively. For each coupon, an area of 16 mm2 was scanned. The results
have a resolution of 10 µm perpendicular to the fold axis and a parallel resolution to the
fold axis of ≈ 16 µm.
Figures 3.11 and 3.12 show the point could outputs as surface plots that are given in a
Cartesian coordinate arrangement. Figure 3.11 shows the post rigidisation axial creases
and Fig. 3.12 shows the post rigidisation hoop creases. Considering laminate 2, the double
peak that was observed in Fig. 3.9 (b) is also visible in Fig. 3.11 (b). This double peak
along the fold line is present only in the post rigidisation axial crease of laminate 2. Due
to the reflectivity of the metal foils and polymer films artefacts have been observed in the
point cloud data. In these regions, the readings were replaced with interpolated data from
neighbouring data points. Where the artefacts are relatively small, such as the peaks that
are presented in Fig. 3.11 (d), smoothing was applied. If it is desired to obtain the overall
shape of the folded region the surface profiler is better suited for this task as it is possible
to visualise the final shape of the deployed fold along the length of the fold and not only
at a discrete point as in the SEM samples. It is important to note that the surface plots
represent the top surface of the coupons. The top surface for each coupon refers to the
surface that is facing the laser scanner, this surface also corresponds to the external face
of the laminate cylinder. Initially, it was attempted to also scan the lower surface of each
coupon and to combine the respective data sets for each laminate. However, due to the
complex data manipulation required to match the two surfaces for each coupon, the lower
faces of the coupons were not scanned.
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Figure 3.11: 3D scanned coupons of the deployed and rigidised axial creases
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Figure 3.12: 3D scanned coupons of the deployed and rigidised hoop creases
Averaged plots of the axial and hoop post rigidisation residual creases are shown in Fig. 3.13.
The lines were obtained by averaging each scanned coupon along the Y axis. Additional
smoothing was introduced, to prevent discontinuities. Smoothing was applied with the
smooth function in MATLAB using the ‘moving’ method with a degree of 0.1. The ‘moving’
method uses a moving average lowpass filter.
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Figure 3.13: Averaged residual folds profiles that are based on coordinates that were taken
using the 3D surface profiler
3.5 Results and Discussion
To quantify the difference between each sample, the maximum curvatures that are present
in each of the initial folds and post rigidisation residual folds were compared. Where greater
curvatures represent less stretching in the laminates from the initial folded state. To obtain
curvature values from the given figures, for the SEM samples a line was manually traced
through the centre of each laminate. As the scale of the pictures was known, the manually
traced lines were scaled from pixels to SI units e.g. mm. MATLAB was used to convert the
pixels of the traced lines into Cartesian coordinates. The basic fitting function in MATLAB
was used to fit a sixth-degree polynomial to each traced line. By knowing the polynomial
function that represents each line, the curvature of a line could be obtained using the
following equation,
κ = ± |
d2X
dY 2
|√
1− (dXdY )2 , (3.3)
where, X, Y , are Cartesian coordinates (Knott and Viquerat, 2017).
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The maximum curvature values that were obtained from the SEM images are summarised in
Table 3.4. The maximum curvatures of the folded samples show that there is a correlation
between the curvature and the thickness of the laminate, where the laminate thickness is
inversely proportional to the curvature. The same force was applied during the folding of
the samples.
Considering the theory that was presented in Section 3.4.1, the results also show that the
axial creases have a reduced curvature when these are compared against the hoop creases.
All results agree with this. This means that higher residual imperfections due to folding
remain present in the hoop direction. However, more effective crease removal comes at the
cost of greater plastic deformation and damage to the laminate. Such reduction in thickness
and material de-lamination can be observed in the flattened axial folds that are presented
in Fig. 3.9 (a) and (c). It is important to note the curvature of laminate 1 was taken based
on the overall laminate radius, however, in Fig. 3.9 (a), it is possible to observe that there
is a second much greater curvature on the top surface of the laminate if only the metal foil
is considered. The hoop creases also show a correlation between the t/κ where the thinnest
laminate has the highest residual curvatures.
Table 3.4: Maximum curvature values obtained from the SEM images
Laminate
curvature, mm-1
Folded Axial Hoop
1 34.9 4.4 15.0
2 26.4 11.3 11.5
3 26.3 3.4 9.7
4 9.3 1.1 1.1
Using Eq. 3.3 and the residual profiles that are given in Fig. 3.13, maximum curvature
values were obtained for the laminate coupons that were imaged using the surface profiler.
The curvature values are summarised in Table 3.5. The results presented for laminates 1,
3 and 4 agree with the theoretical results, where more stretching is observed in the axial
creases. However, due to the double peak observed in the axial crease of laminate 2, the
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Table 3.5: Experimental curvature values obtained from the 3D scanned coupons
Laminate
curvature, mm−1
Axial Hoop
1 2.06 2.61
2 6.78 1.81
3 1.42 2.1
4 0.86 1.29
results do not agree with theory. For this sample, two curvature values were obtained,
the curvature values given in the table is the maximum curvature of the two peaks. It is
interesting to note that the curvature values obtained with the surface profiler are much
smaller that the curvature values that were obtained from the SEM images. This is likely
caused by the result extract method, where for the SEM samples the curvatures were
measured at the centre of the samples, but for the 3D surface profiler samples the curvature
values were measured on the top surfaces of the samples. The results presented here show
that the forming process of fold line imperfection must be understood. Models and FEAs
for the introduction of fold lines in metal foils and metal-polymer-metal laminates are given
in the next chapter, Chapter 4.
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Chapter 4
Laminate Folding and Resulting
Creases
In this chapter, the numerical model for the introduction of a single fold in a metal foil
and a three-ply metal-polymer-metal laminate coupon while the material is undergoing
elastic-plastic bending and relaxation are derived. The typical folding process is outlined,
and the experimental procedure which replicates folding is described. A framework for the
implementation of the metal foil numerical model in a generic programming language is
given. Two MATLAB models have been created, one for the foil and a second model for
a three-ply laminate. Two of the laminates that are presented in Chapter 3 have been
modelled; these are laminates 2 and 3. The material model of the metal foil uses the
material properties of the metal foil in laminate 2. Two FEA models that are implemented
in Abaqus are described, one for an aluminium foil and a second model for laminate 2. The
experimental, numerical and FEA results are discussed and compared.
4.1 Folding Experiment
One of several packaging methodologies may be applied to the folding of cylinders. In this
chapter, the first step of the ‘Z’ folding method (Greschik and Mikulas, 1996) was used
as the basis of the work. Figure 4.1, shows the steps used during the ‘Z’ folding process.
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(a) Pristine cylinder
Axial folds
(b) Step 1, introduction of axial
folds
Hoop folds
Valley
Peak
(c) Step 2, introduction of hoop
folds
Figure 4.1: ‘Z’ folding sequence
To ‘Z’ fold a cylinder, the cylinder is initially collapsed in two halves, resulting in a flat
rectangular shell as shown in Fig. 4.1 (b). These folds are referred to as axial folds. In
the second step of this folding style, hoop folds are introduced, these are shown in Fig. 4.1
(c). The folding direction is altered to form peaks and valleys, resulting in an accordion-like
structure. To simplify the folding process, at an experimental coupon level, while the folding
step is accurately replicated without the addition of unknown variables or detraction of key
details in this process, the ‘Z’ folding process must be understood. Figure 4.2 (a) shows the
introduction of two axial folds in a cylinder constructed with the three-ply metal-polymer-
metal laminate 2. In this figure, one of the ends of the cylinder has been intentionally left
open. The direct regions of contact between the cylinder with the table and the cylinder
with ink roller are highlighted. As the laminate cylinder rests on the table surface two lines
of contact are formed. Due to the curved surface of the ink roller two points of contact
are formed in between the ink roller and the top surface of the laminate cylinder. These
discrete points and lines of contact are created as the lower surface of the cylinder uplifts
and the top part of the cylinder downlifts. Considering Fig. 4.2 (a), the uplift and down lift
regions are located along the NAX axis. The open section of the cylinder is symmetrical
between the neutral axes, NAX and NAY . Figure 4.2 (b), shows one of the symmetrical
quadrants. In this figure, the ink roller has been displaced to the edge of the open cylinder.
A new Cartesian coordinate system is defined by the X and Y axes. The point of maximum
curvature is located at the origin of this system. As the contact pressure is increased the
distance between the ink roller and the NAY axis of symmetry decreases. The maximum
distance between the ink roller and the origin for a given contact pressure is referred to as
D. This increase in F reduces the section length s of material between the ink roller point
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Points of contact between the ink roller and the cylinder
Downlift of cylinder section
Uplift of cylinder section
Lines of contact between the cylinder and the working surfaceNA Y
NAX
(a) Lines and points of contact in between the lami-
nate cylinder and compression surfaces
Point of contact between the ink roller and the cylinder
Point of maximumcurvature X
NAYNAX D
s
LY
(b) Folding process and the numerical model simpli-
fication
Figure 4.2: Introduction of longitudinal folds in a laminate cylinder. This is the initial
step of the ‘Z’ folding method. Note the marked points of contact in between the ink roller
with the cylinder and the market lines of contact in between the cylinder with the working
surface
of contact and the point of the maximum of curvature. In Fig. 4.2 (a), significantly higher
pressure has been applied to the closed end of the cylinder than at the open end. The
tracing lines further emphasise the relationship between s and D for a given cross-section.
L is independent of the applied force and remains constant. L is given by pir/2, where r is
the radius of the cylinder.
4.1.1 Experimental Configuration
In this experiment, a single fold is introduced into pristine coupons of laminates 2 and 3.
These two laminates have been selected as this configuration of metal-polymer-metal has
been extensively used in previous missions, and they show considerable variation in the
mechanical properties of the metal foils and polymer films. Figure 4.3 shows the testing rig
used in this set of experiments. To measure the applied force a Mettler Toledo PL602-L
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Figure 4.3: Compression force and distance measurement rig
scale was used. The scale has a measuring range of 0.5-610 g and an accuracy of 0.01 g. A
gear driven vertical slider has been fitted. This allowed a top plate to be translated to a
desired height above the scales. A Perspex plate was fitted to the top of the scale. Black
tape was placed on the edges of the plates. A Vernier caliper was used to measure the
separation between the two plates. Also, a camera was used to identify more accurately
the separation between the two plates. The thickness of the base and top plates are known,
these plates have a thickness of 6 and 12 mm respectively. It is important to note that,
optical distortions have not been considered. The laminates were cut into strips of 25 × 5
cm. The long edge corresponded to the grain orientation of the metal in the foils. Three
coupons were cut from each laminate (laminates 2 and 3). The samples were inspected for
dents, creases, pinholes or manufacturing defects. An ink roller was used to remove any
creases that were introduced during cutting. The top plate was lowered to an initial height
of 80 mm. A coupon was placed in between the two plates, with one side of the coupon
located along the edges of the two plates. Care was taken not to crease the coupon. The
samples were not attached to the plates, thus allowing the coupon to slide as the gap closed.
Measurements were taken at different height intervals between the two plates; at 70, 60,
50, 40, 30, 20, 15, 10, 8, 6, 4 and 1.5 ± 0.5 mm. Once the final gap of 1.5 ± 0.5 mm was
reached, the top plate was lifted and the relaxed shape of the laminate was captured. The
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measurements given at the presented height intervals were obtained with a Vernier caliper.
Sample pictures that were taken during the compression of laminate 2 are shown in Fig
4.4.
(a) 60 mm (b) 50 mm (c) 40 mm (d) 30 mm (e) 20 mm (f) 15 mm
(g) 10 mm (h) 8 mm (i) 6 mm (j) 4 mm (k) 1.5 mm (l) Springback
Figure 4.4: Images taken at various height increments during the laminate 2 compression
experiment and springback
If the laminate moved from the plate edge, the coupon was returned to the edge position.
This was necessary to capture the laminate and the plate edge at the same distance from the
camera. Thus, eliminating distortions due to the induced perspective and since a shallow
depth of field was used both edges of the plates and laminate were in focus. The weight
value given by the scales oscillated by a large margin after each distance increment was set.
The measurement was noted once this oscillation has stopped. To obtain the springback of
the laminate the top plate was removed.
The digitised laminate positions for the given set of pictures are shown in Fig. 4.5. To
obtain the Cartesian XY coordinates for each data point, the long edge of the laminate
coupon that is shown in each image was traced. The position of the traced pixels was
recorded, and these values were normalised against the known pixel to thickness ratio of
the base plate. A slight variation was observed between the top and base halves of ‘U’
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Figure 4.5: Digitised images of laminate 2 compressed coupons at various D increments.
The curves are shown between the point of maximum curvature and the point of contact.
Each curve has been averaged about the point of maximum curvature.
shaped coupon, the two halves were averaged against s.
4.2 Numerical Model
The work presented in this section and any of the equation derived here are used in the
numerical model. The equations derived in this section attempt to replicate the laminate
folding process outlined in Section 4.1 Fig. 4.2. Let’s consider the weightless cantilever
presented in Fig. 4.6 (a). A localised force F is applied at the free end of a cantilever in the
negative component of the Y axis. Due to the non-linear behaviour of the cantilever, the
governing equations that are derived in this chapter must be solved iteratively, starting with
a low F . To reduce the number of unknown variables the following assumptions are made
at the free end of the cantilever. For convenience the free end of the cantilever is defined as
s1. The angle between the X axis and the cantilever section, θ(s1) is always 0
◦ at the free
end. If the tip region has always been in the elastic state, it is assumed that the curvature
at the free end κ(s1) is equal to 0. If work hardening has previously occurred at the free
end, it is assumed that the tip curvature κ(s1) ¡ κm(s1) but κ(s1) ¿ 0, where the subscript
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m states that the given value is that maximum historical value at a given location along
the length cantilever. Considering the end section of the open cylinder that is presented in
Section 4.1 Fig. 4.2 (b), due to the symmetry along the two neutral axes NAX and NAY
each quarter of the open cylinder behaves in the same manner, e.g. force is applied to the
laminate segment at a single point. In Section 4.1.1 it was observed that, when F increases
there is a decrease in s and D. With this increase in F the maxim curvature increases
at the root of the cantilever. The root or built in end of the cantilever is defined as s2.
The point at which the force is applied (point of contact in between the ink roller and the
cylinder quadrant) travels along the cantilever towards the root. As the force application
point moves along the cantilever, the behaviour of the previously contacted section is not
considered in subsequent steps, however, if work hardening took place in this section, the
maximum curvatures and stresses must be stored for the spring back calculations. See steps
1 to 3 of Fig. 4.6 (b). At the root of the cantilever, it is assumed that θ(s2) = 90
◦ and
κ(s2) is unknown but is the maximum value along the length of the cantilever for a given
F . To satisfy the boundary conditions, as F (n) increases to F (n+ 1) in the second step of
the iterative process s reduces, thus the cantilever must be shortened. Each iterative step
is market by n. The cantilever is then shortened by a specific value. Step 4, in the Fig 4.6
(b) shows the springback of the cantilever once the applied force was removed. This model
does not consider the self-weight of the cantilever.
Considering the governing equations for the explained behaviour the following assumptions
apply, the shear deformations are neglected, and the neutral axis coincides with the central
plane of the cantilever. A state of plane strain is assumed in the XY plane, where Z =
γY Z = γZX = 0. The elementary cantilever at point si is given in Fig. 4.7. Where subscript
i is defined as any point along the cantilever.
As the expected deflections are large the simple approximation κ = d
2Y
dX2
may not be made
(Bisshopp and Drucker, 1945). For a pristine section of material or a section that has not
been plastically deformed prior to this step the applied moment M(si) relationship,
M(si) = M (κ (si))
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δX
Previously contacted area
(a) Cantilever loaded with a vertical tip force F
only. This is a weightless cantilever.
Fn+2
Fn
Fn+1
Elastic Elastic-PlasticSpringbackPreviously contacted elastic sectionPreviously contacted elastic-plasticsection Step 1Step 2
Step 3Ste
p 4
(b) Different steps in the folding process and
resultant springback
Figure 4.6: Diagrams used in the derivation of the numerical model
Figure 4.7: Elementary cantilever section
is valid at the point i along the cantilever. Considering the above assumptions and re-
lationship, the bending of a cantilever under the presence of a bending moment is given
as,
dM
ds
=
∂M
∂κ
dκ
ds
. (4.1)
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In Cartesian coordinates the moment at a point si, (Bele´ndez et al., 2003) is given by the
equation,
M(si) = −F (δX(si)−X(si)) , (4.2)
where δX , is the displacement in the X component for the initial flat configuration. Dif-
ferentiating Eq. 4.2, once with respect to s, and considering that sinθ = dyds , Eq. 4.1 is
rearranged as:
dκ
ds
= −Fsinθ ∂κ
∂M
. (4.3)
As the fold curvature is large, the metal film undergoes elastic-plastic deformations and
relaxation, as shown in Fig. 4.8. If the force is removed, the stresses and strains decrease
linearly and parallel to the elastic curve. This material model is a highly simplified in com-
parison to the backlash model presented by (Takahashi and Shiono, 1991). It is important
to note that in this model no cyclic loading is modelled or assumed.
Figure 4.8: Bi-linear stress-strain material model for the metal foil
As the cantilever is shortened and the place of force application advances closer to the root
of the cantilever, previously curved sections of the cantilever are flattened. If in a previous
step, this region of the cantilever was exposed to curvatures that were greater than the yield
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curvature for the given foil and this section flattens, it is assumed that the foil is undergoing
relaxation. Relaxation takes place while force is still applied to the cantilever. Only in the
springback state the force is removed. The material model presented in Fig. 4.8, shows the
relaxation effect on the descending curve. While sections of the cantilever are relaxing, the
following relationship must be included,
M(si) = M (κ (si) , κm (si)) .
Without this modification, the material in a relaxing state would behave as a pristine sec-
tion. Therefore, as the moment is now also dependent on the previous maximum curvature
at a given si, considering Eq. 4.1 and differentiating the previous equation with respect to
s, dMds is given as,
dM
ds
=
∂M
∂κ
dκ
ds
+
∂M
∂κm
dκm
ds
,
rearranging for dκds and substituting for
dM
ds with Eq. 4.2,
dκ
ds
= −
(
Fsinθ +
∂M
∂κm
dκm
ds
)
/
∂κ
∂M
. (4.4)
The integration and derivatives shown in this section have been solved with Wolfram Math-
ematica 10.
4.2.1 Single Metal Ply
Initially, a single ply metal foil has been modelled as the cantilever presented in the previous
section. The work shown in this section is the first step in obtaining a folding model for a
metal-polymer laminate. While bending is taking place the stress distribution through the
thickness, that may occur at a point si, along the length of an isotropic cantilever is shown
in Fig. 4.9.
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Figure 4.9: The cross-section and different stress distributions for a metal cantilever loaded
with a pure bending moment
4.2.1.1 Elastic Bending
In the elastic range two conditions apply, κ (si) < κy and κm (si) < κy. The large elastic
deflection of a long, slender and isotropic cantilever with a rectangular cross-section due to
bending alone is initially considered. Within this range, the stress, σ, at point si along the
cantilever is represented by Hooke’s law with plane strain considered,
σα =
Eα
1− ν2α
(4.5)
substituting for  with the simple relationship  = yκ, Eq. 4.5, expands to:
σα =
yκEα
1− ν2α
(4.6)
where E, is the Young’s modulus, y, is the distance from the neutral axis, κ, is the cur-
vature and ν is the Poisson’s ratio. The subscript α, denotes the metal foil elastic range.
Considering the relationship (MacNeal and Robbins, 1967),
M = b
∫ t
0
σy dy (4.7)
where t is the thickness of the cantilever. Rewriting Eq. 4.7 in terms of the half thickness
of the cantilever, the elastic moment equation Me is given as,
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Me = 2b
∫ h
0
σαy dy (4.8)
where the subscript e denotes that the given equation represents the elastic region of the
cantilever. The bending moment is found by substituting Eq. 4.6 in Eq. 4.7. Performing
the substitution in the above equation leads to,
Me =
2bh3κEα
3 (1− ν2) (4.9)
The curvature differential equation dκeds while the cantilever behaves elastically is obtained
by differentiating Eq. 4.9 with respect to s and substituting the solution in Eq. 4.3
dκe
ds
=
3Fsinθ
(
1− ν2)
2bh3Eα
. (4.10)
Considering the second moment of area I, where for a rectangular cross-section I = bh
3
12 ,
Eq. 4.10 is given in terms of I as,
dκe
ds
=
Fsinθ
(
1− ν2)
8IEα
. (4.11)
4.2.1.2 Elastic-Plastic Bending
The metal foil starts yielding once κ (si) > κy. A second condition applies in this range,
κ (si) > κm. κy under a condition of plane strain is expressed as:
κy =
σy
(
1− ν2α
)
Eαh
(4.12)
where ν is the Poisson’s ratio of the material. Unlike the ky, used in the previous chapter
where the ‘von Mises’ criterion has been applied, for simplicity this incorporation was not
made. Considering Fig. 4.8, if  (si) > y, the plastic stress, ση is derived as:
ση = σy +
Eη (− y)
1− ν2η
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where the subscript η states that the material properties are taken from the work hardening
region of the stress-strain curve. Substituting for  and y with yκ and σyEα/
(
1− ν2α
)
respectively gives,
ση = σy
[
1− Eη
(
1− ν2α
)
Eα
(
1− ν2η
)]+ Eηyκ
1− ν2η
(4.13)
where the subscript η states that the given property is taken from the metal foil’s σ− plastic
range. At point si the yielding region originates at the outer thickness of the cantilever
(±h = t/2) and advances towards the centre of the cantilever (h = 0) as κ increases. This
effect is shown in Fig. 4.9. The depth (c) at which yielding begins is expressed as,
c =
σy
(
1− ν2α
)
Eακ
(4.14)
To obtain an expression for the plastic moment Mp at a point si, the cantilever is segmented
into two regions through the thickness of the foil, originating at the neutral axis and ex-
panding to the outer edge. The first integral, where the section behaves elastically is bound
by the limits 0−c and σα applies. The second integral captures the plastic behaviour where
ση applies, this region is bound by c− h. While the cantilever is undergoing elastic-plastic
bending, the corresponding moment, Mp is given as,
Mp = 2b
(∫ c
0
σαy dy +
∫ h
c
σηy dy
)
where the subscript p, represents elastic-plastic bending of the metal foil. Integrating the
above equation gives,
Mp = bh
2σy −
(
1− ν2α
)3
3κ2E3α
b
 σ3yEα
1− ν2α
−
(σy + 2hκEα)Eη
(
σy − hκEα1−ν2α
)2
1− ν2η
 (4.15)
The curvature of the cantilever in regions where the cantilever is partially plastically
strained,
dκp
ds , is obtained by substituting Eq. 4.15 in Eq. 4.3:
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dκp
ds
=
3Fsinθκ3E3α
2b
[
h3κ3E3αEη
1−ν2η +
(
Eα − Eη 1−ν2α1−ν2η
)
σ3y (1− ν2α)2
] , (4.16)
writing Eq. 4.16 in terms of I,
dκp
ds
=
3Fsinθκ3E3α
2
[
12Iκ3E3αEη
1−ν2η + b
(
Eα − Eη 1−ν2α1−ν2η
)
σ3y (1− ν2α)2
] . (4.17)
4.2.1.3 Relaxation
While a bending moment is applied, for a section of the cantilever to undergo relaxation
the following conditions apply κ (si) < κm (si) and κm (si) > κy. The unloading during the
relaxing phase is entirely elastic. From Fig. 4.8, the relaxing stress σχ is given as,
σχ =
Eα (− m)
1− ν2α
+ σy +
Eη (m − y)
1− ν2η
, (4.18)
where the subscript χ denotes that the material is in the relaxing state. The above equation
is defined with respect to the cantilever curvature and the thickness. By replacing the strain
terms, as shown in the previous sections. The expanded equation for σχ is given as,
σχ =
Eα (κ− κm) y
1− ν2α
+ σy
[
1− Eη
(
1− ν2α
)
Eα
(
1− ν2η
)]+ Eηyκm
1− ν2η
(4.19)
Considering the through thickness of the cantilever, starting at the neutral axis (h = 0),
the cantilever behaves elastically until h = c. However, as κ (si) < κm (si), Eq. 4.14 may
be rewritten in terms of the previous maximum curvature,
cm =
σy
(
1− ν2α
)
Eακm
. (4.20)
The moment in the relaxed region, Mr is given as,
Mr = 2b
(∫ cm
0
σαy dy +
∫ h
cm
σχy dy
)
(4.21)
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where the subscript r states that the cantilever section is undergoing relaxation. Solving
the above equation gives,
Mr =
2
3
bh3
[
κmEη
1− ν2η
+ Eα
κ− κm
1− ν2α
]
+ b
[
Eη
(
1− ν2α
)
Eα
(
1− ν2η
) − 1]σy [(1− ν2α)2
3κmE2α
− h2
]
. (4.22)
As relaxation is dependent on the maximum previous curvature at a given location, Eq.
4.22 is substituted in Eq. 4.4 and both sides of equality are differentiated with respect to
s. The differential equation for the relaxed state dκrds is given as,
dκr
ds
=
3Fsinθ
(
1− ν2α
)
2bh3Eα
+
(
Eα − Eη 1−ν
2
α
1−ν2η
)
κ′m
[
h3κ3mE
3
α − σ3y
(
1− ν2α
)3]
h3κ3mE
4
α
. (4.23)
Writing Eq. 4.23 in terms of I,
dκr
ds
=
Fsinθ
(
1− ν2α
)
8IEα
+
[
1− Eη
(
1− ν2α
)
Eα
(
1− ν2η
)] κ′m
Eα
−
b
(
Eα − Eη 1−ν
2
α
1−ν2η
)
σ3y
(
1− ν2α
)3
κ′m
12Iκ3mE
4
α
.
(4.24)
4.2.1.4 Springback
By removing the bending moment, κ decreases. If κm (si) < κy, the laminate returns to its
initial flat state with a slope equal to 0, as shown below,
κs = 0. (4.25)
Where κm (si) > κy, the springback is entirely elastic. Equating Eq. 4.22 to 0 and rear-
ranging for κ, the springback curvature κs is given as,
κs =
[
1− ν2α −
Eη
(
1− ν2α
)2
Eα
(
1− ν2η
) ] σy
Eα
[(
1− ν2α
)2
3κmE2α
− h2
]
− 2h
3κmEη
(
1− ν2α
)
3Eα
(
1− ν2η
) + κm. (4.26)
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4.2.1.5 Summary of the Foil Model
The curvature differential equations and accompanying curvature criteria of an isotropic
cantilever undergoing large elastic, elastic-plastic bending and relaxation under the action
of a horizontal tip load are summarised as,
dκ
ds
=

Elastic, Eq. 4.10 for |F | > 0, κ(si) ≤ κy and κm(si) ≤ κy
Elastic-plastic, Eq. 4.16 for |F | > 0, κ(si) ≥ κy and κm(si) ≤ κ(si)
Relaxation, Eq. 4.23 for |F | > 0, κ(si) ≥ κm(si) and κm(si) ≥ κy.
(4.27)
During springback, the curvature and accompanying curvature criteria of an isotropic can-
tilever that is subjected to a horizontal tip load are summarised as,
κ =

Elastic springback, Eq. 4.25 for |F | = 0, κ(si) ≤ κm(si) and κm(si) ≤ κy
Plastic springback, Eq. 4.26 for |F | = 0, κ(si) ≤ κm(si) and κm(si) ≥ κy.
(4.28)
4.2.2 Three-Ply Laminate
The stress distributions through the thickness of a three-ply metal-polymer-metal laminate
under the action of bending moments of increasing magnitudes are shown in Fig. 4.10.
All metal-polymer laminates contain adhesive between the various plies. In the laminates
presented in Chapter 3, the adhesive layers range between 6.8 to 15.6 % of the total laminate
thickness. Wyser et al. (2001) has found that the adhesive layers or thin coatings can
influence the bending stiffness in a laminate or thin film. However, the layer thickness has
a greater influence on the material stiffness than the individual material modulus. In this
work, it is assumed that the adhesive has a very low modulus. Thus, the adhesive thickness
has been integrated into the thickness of the polymer. It is assumed that slippage does not
occur between the metal foils and polymer core.
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Figure 4.10: Cantilever cross-section and different stress distributions across a section of
the three-ply metal-polymer-metal laminate, loaded with a pure bending moment.
4.2.2.1 Elastic Bending
As κy > κ(si) > κm(si), both the polymer and the metal behave elastically, the elastic
stresses for the polymer σρ are given as,
σρ =
Eρ
1− ν2ρ
(4.29)
then equating  to yκ results in,
σρ =
yκEρ
1− ν2ρ
. (4.30)
Where the ρ subscript denotes an elastic property for the polymer film. The moment
equation in the elastic range Me is given by substituting Eqs. 4.6 and 4.30 in Eq. 4.7.
However, in the given format Eq. 4.7 is applicable to a cantilever constructed from one
type of material. Following the steps presented in (Beer et al., 2009), Eq. 4.7, may be
separated for each layer by including integrating Eq. 4.30 between the 0 − d and Eq. 4.6
between the d- h limits. d is the half thickness of the combined polymer foil and the two
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adhesive layers. Therefore, the moment equation in the elastic range Me, for a symmetric
three-ply laminate is given as,
Me = 2b
∫ d
0
σρy dy + 2b
∫ h
d
σαy dy (4.31)
and completing the integration,
Me =
2
3
bκ
(
h3 − d3
1− ν2α
Eα +
d3Eρ
1− ν2ρ
)
. (4.32)
The elastic curvature differential dκeds for the laminate is obtained by solving and substituting
Eq. 4.32 in equation Eq. 4.1. dκeds is given as,
dκe
ds
=
3Fsinθ
2b
(
h3−d3
1−ν2α Eα +
d3Eρ
1−ν2ρ
) , (4.33)
and in terms of I,
dκe
ds
=
Fsinθ
8
(
Ih−Id
1−ν2α Eα +
IdEρ
1−ν2ρ
) . (4.34)
4.2.2.2 Elastic-Plastic Bending
To include plasticity, the cantilever is segmented into three regions through the thickness
from the neutral axis to the outer edge. The initial integral, with the limits 0−d, represents
the elastic polymer ply. The second and third integrals divide the metal foil into two regions,
the inner most region behaving elastically between thicknesses d−c and the latter plastically
(bounded by c and h). By substituting Eqs. 4.6, 4.13 and 4.30 in Eq. 4.7, the elastic-plastic
bending moment Mp is given,
Mp = 2b
(∫ d
0
σρy dy +
∫ c
d
σαy dy +
∫ h
c
σηy dy
)
. (4.35)
The integration leads to,
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Mp =
b
3
[
2d3κ
(
Eρ
1− ν2ρ
− Eα
1− ν2α
)
− 3h
2σyEη
(
1− ν2α
)
Eα
(
1− ν2η
) ]
+
1
3
[
σ3y
(
1− ν2α
)2
κ2E2α
(
Eη
(
1− ν2α
)
Eα
(
1− ν2η
) − 1)+ h2(2hκEη
1− ν2η
+ 3σy
)]
(4.36)
Solving the integral, the elastic-plastic differential equation in terms of the curvature
dκp
ds is
given,
dκp
ds
=
3Fsinθ
2b
[
d3
(
Eρ
1−ν2ρ −
Eα
1−ν2α
)
+
h3Eη
1−ν2η +
σ3y(1−ν2α)2
κ3E2α
− Eησ3y(1−ν2α)
3
κ3E3α(1−ν2η)
] (4.37)
also in terms of I,
dκp
ds is given as,
dκp
ds
=
Fsinθ
8
[
Id
(
Eρ
1−ν2ρ −
Eα
1−ν2α
)
+
IhEη
1−ν2η +
σ3y(1−ν2α)2
κ3E2α
− Eησ3y(1−ν2α)
3
κ3E3α(1−ν2η)
] . (4.38)
With an increase in the applied moment, c(si) < d(si), the metal foil through the entire
thickness at a point si becomes plastically strained. Equation 4.35, is corrected by setting
σα = 0. When the entire metal foil has been strained beyond the yield point, Mp′ is given
as,
Mp′ = 2b
(∫ d
0
σρy dy +
∫ h
d
σηy dy
)
(4.39)
From this point in the document the symbol ′ above the subscript represents a cantilever sec-
tion where the entire metal foil is currently or has been previously yielded. The integration
results in:
Mp′ = b
[
σy
(
d2 − h2)Eη (1− ν2α)
Eα
(
1− ν2η
) + 2d3κEρ
3
(
1− ν2ρ
) + 2 (h3 − d3)κEη
3
(
1− ν2η
) + σy (h2 − d2)] .
(4.40)
Substituting Eq. 4.40 in Eq. 4.3, and differentiating Eq. 4.40 with respect to s, leads
to,
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dκp′
ds
=
3Fsinθ
2b
[
d3Eρ
1−ν2ρ +
(h3−d3)Eη
1−ν2η
] . (4.41)
Writing 4.41 in terms of I gives,
dκp′
ds
=
Fsinθ
8
[
IdEρ
1−ν2ρ +
(Ih−Id)Eη
1−ν2η
] . (4.42)
4.2.2.3 Relaxation
The elastic to plastic transition point, c is now dependent on the maximum curvature
attained at a given location along the length of the cantilever. The moment equation for a
relaxed section while parts of the metal foil remain elastic, Mr is expressed as:
Mr = 2b
(∫ d
0
σρy dy +
∫ c
d
σαy dy +
∫ h
c
σχy dy
)
. (4.43)
Integrating Eq. 4.43, leads to,
Mr = b
2
3
h3κm
(
Eη
1− ν2η
− Eα
1− ν2α
)
+
(
Eη
1−ν2η −
Eα
1−ν2α
)
σ3y
(
1− ν2α
)3
3κ2mE
3
α

+ b
[
2
(
h3 − d3)κEα
3 (1− ν2α)
− h
2σyEη
(
1− ν2α
)
Eα
(
1− ν2η
) + 2d3κEρ
3
(
1− ν2ρ
) + h2σy] . (4.44)
Differentiating Eq. 4.44 with respect to s, and substituting the result in Eq. 4.4, while
some of the metal foil sections through the thickness remain elastic, the relaxed curvature,
dκr
ds , is given by:
dκr
ds
=
3Fsinθκ3mE
3
α + 2b
(
Eα
1−ν2α −
Eη
1−ν2η
)
κ′m
[
h3κ3mE
3
α − σ3y
(
1− ν2α
)3]
2bκ3mE
3
α
[
d3Eρ
1−ν2ρ +
(h3−d3)Eα
1−ν2α
] . (4.45)
In terms of I this equation is given as,
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dκr
ds
=
Fsinθ
8
[
IdEρ
1−ν2ρ +
(Ih−Id)Eα
1−ν2α
] +
(
Eα
1−ν2α −
Eη
1−ν2η
)
κ′m
[
Ihκ
3
mE
3
α − σ3yb
(
1− ν2α
)3]
κ3mE
3
α
[
IdEρ
1−ν2ρ +
(Ih−Id)Eα
1−ν2α
] (4.46)
As with Eq. 4.39, if during the previous plastic bending c(si) < d(si) has applied at a given
location si, Eq. 4.43 simplifies to,
Mr′ = 2b
(∫ d
0
σρy dy +
∫ h
d
σχy dy.
)
(4.47)
Equation 4.47 integrates to:
Mr′ =
2
3
b
(
h3 − d3) [(κ− κm)Eα
1− ν2α
+
κmEη
1− ν2η
]
+b
(
h2 − d2)σy [Eη (1− ν2α)
Eα
(
1− ν2η
) + 1]+ 2bd3κEρ
3
(
1− ν2ρ
)
(4.48)
and the relaxed curvature differential equation
dκr′
ds , for when the entire metal foil has been
plastically deformed is reduced to:
dκr′
ds
=
3Fsinθ + 2b
(
h3 − d3)κ′m ( Eα1−ν2α − Eη1−ν2η )
2b
[
h3−d3
1−ν2α Eα +
d3Eρ
1−ν2ρ
] , (4.49)
and in terms of I,
dκr′
ds
=
1
8Fsinθ + 3 (Ih − Id)κ′m
(
Eα
1−ν2α −
Eη
1−ν2η
)
Ih−Id
1−ν2α Eα +
IdEρ
1−ν2ρ
. (4.50)
4.2.2.4 Springback
By removing the bending moment, κ decreases with s. If κm(si) < κy, the laminate returns
to the initial shape with a slope equal to 0. Where κm(si) > κy, the springback is elastic
and the change in curvature is equal and opposite to the bending moment. Solving and
rearranging Eqs. 4.44 and 4.48, for κ and assigning M = 0, the springback curvatures for
the previously elastic-plastic and plastic regions are given respectively by,
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κs = −
[
2h3κ3mE
3
α + σ
3
y
(
1− ν2α
)3 − 3h2κ2mE2ασy (1− ν2α)] ( Eη1−ν2η − Eα1−ν2α)
2κ2mE
3
α
[
(h3−d3)Eα
1−ν2α +
d3Eρ
1−ν2ρ
] (4.51)
and
κs′ =
[
2
(
h3 − d3)κmEα − 3 (h2 − d2)σy (1− ν2α)] (Eη − Eα)
2Eα
[
(h3−d3)Eα
1−ν2α +
d3Eρ
1−ν2ρ
] . (4.52)
4.2.2.5 Summary of the Metal-Polymer-Metal Model
In summary the following conditions are applicable during the modelling of a three-ply
laminate undergoing folding,
dκ
ds
=

Elastic, Eq. 4.33 for |F | > 0, κ(si) ≤ κy, κm(si) ≤ κy and
cm(si) ≥ d
Elastic-plastic, Eq. 4.37 for |F | > 0, κ(si) ≥ κy, κm(si) ≤ κ(si) and
cm(si) ≥ d
Plastic, Eq. 4.41 for |F | > 0, κ(si) ≥ κy, κ(sm) ≤ κ(si) and
cm(si) ≤ d
Relaxing, Eq. 4.45 for |F | > 0, κ(si) ≥ κm(si), κm(si) ≥ κy and
cm(si) ≥ d
Plastic-relaxing, Eq. 4.49 for |F | > 0, κ(si) ≥ κm(si), κm(si) ≥ κy and
cm(si) ≤ d.
(4.53)
The springback equations for the three-ply cantilever undergoing plastic bending are sum-
marised as,
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κ =

Elastic springback, Eq. 4.25 for |F | = 0, κ(si) ≤ κm(si) and κm(si) ≤ κy
Elastic-plastic springback, Eq. 4.51 for |F | = 0, κ(si) ≤ κm(si), κm(si) ≥ κy and
cm(si) ≥ d
Plastic springback, Eq. 4.52 for |F | = 0, κ(si) ≤ κm(si), κm(si) ≥ κy and
cm(si) ≤ d.
(4.54)
4.2.3 Numerical Model Implementation
In this section, the implementation of the numerical model in MATLAB for the metal
foil undergoing the folding process is presented in detail. The workflow shown here may
be implemented in any programming language that can solve differential equations. The
numerical implementation of the laminate model is not presented here, but the same work-
flow has been followed. Extra considerations and checks must be made for the transition
between the fully plastic curvatures and elastic-plastic curvatures.
4.2.3.1 Numerical Approach Initial Verification
A simple experiment has been conducted by Bele´ndez et al. (2003), where the tip deflection
of a steel cantilever under the action of a uniformly distributed load and a vertical tip load
has been measured. Furthermore, the paper presents a linear elastic model for the deflection
of the cantilever, under the described conditions. Bele´ndez et al. (2003) has modelled the
cantilever in Ansys. The problem description is illustrated in Fig. 4.11.
Due to the uniformly distributed load the moment equation is given as (Bele´ndez et al.,
2003),
M (si) =
∫ L
s
w [X (si)−X (si−1)] ds+ F (L− δX(si)−X(si))
where w, is the weight of the cantilever divided by the total length. Solving the integration
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(a) Cantilever loaded with a uniformly distributed
load and a horizontal tip force F .
(b) Elementary cantilever section.
Figure 4.11: Problem description
and differentiating both sides of the expression once with respect to s and considering that
cosωi =
dX
ds gives,
dM
ds
= −w (L− si) cosω − Fcosω. (4.55)
If F = 0, Eq. 4.55 is reduced to,
dM
ds
= −w (L− si) cosω. (4.56)
Substituting Eqs. 4.55, 4.56 in 4.9, expressions in terms of dκds are obtained for the two
states respectively,
dκwF
ds
=
3 [w (L− si) + F ] cosω
(
1− ν2)
2h3Eα
(4.57)
and
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dκw
ds
=
3w (L− si) cosω
(
1− ν2)
2h3Eα
, (4.58)
where the wF , subscript denotes the state where the cantilever is under the action of the
uniformly distributed load, and a vertical tip force and the w subscript represents the case
where the cantilever is under the influence of the uniformly distributed load.
The rectangular cantilever was modelled with a length of 0.4 m, a width of 0.025 m and a
half thickness of 0.2 mm. The weight of the cantilever is 0.3032 N. The specified Young’s
modulus for the steel is 194.3 GPa, the Poisson’s ratio was set to 0.
Eqs. 4.57 and 4.58 have been implemented in MATLAB and solved using ode45 (The
MathWorks, Inc., 2016). Initially, a ‘Runge-Kutta’ model has been formulated (Stroud,
2003), however, due to the superior solvers included in MATLAB the multipurpose ode45
solver was selected. Eqs. 4.57 and 4.58 are propagated from the root of the cantilever where
ω(s2) = 0
◦. As the root curvature was unknown, an iterative process has been used. This
increased the curvature at the root until the free end curvature was ≈ 0. The results of the
experiment and FEA are compared against the numerical model conducted for this work.
The results are given in Table 4.1. The results from the presented numerical approach show
good agreement with the experimental results and the FEA data. This proved that the
approach presented in this chapter is valid and there is no requirement to solve the problem
in terms of elliptical integrals (Bele´ndez et al., 2002) or only using FEA.
Table 4.1: Cantilever tip deflection, (Bele´ndez et al., 2003)
F , N Exp δY , m FEA δY , m Sim δY , m
0.000 0.089 0.0898 0.0898
0.098 0.149 0.1516 0.1516
0.196 0.195 0.1960 0.1960
0.294 0.227 0.2270 0.2272
0.392 0.251 0.2495 0.2495
0.490 0.268 0.2661 0.2659
0.588 0.281 0.2785 0.2784
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4.2.3.2 Metal Foil Model Implementation
A simplified version of the numerical solution that is used to model the folding of a rectan-
gular foil coupon is given here. This model is presented in Fig. 4.12. As explained earlier in
this chapter, while the foil is bending three bending states are encountered, elastic, plastic
and relaxation. These states were derived in Section 4.2.1 in terms of the built-in cantilever
that is presented in Section 4.2. With each step in the iterative process, the cantilever is
shortened. To meet the convergence criteria where the angle with respect to the X axis,
θ, at the root of the cantilever is equal to 0, the applied force at the free end must be
increased. While folding is taking place, for a given length and tip force, the cantilever
will undergo one of the following combinations of bending states, these are elastic, elastic-
plastic, elastic-relaxing-plastic and relaxing-plastic bending. For convenience the notation
dκ
ds has been replaced by κ˙. Furthermore, κm (si) is defined as the maximum previous cur-
vature at a given length i from the root of the cantilever, where κm ≥ κy. However, if
κm(si) < κy, κm(si) = 0. The different combinations of bending states are described below.
Each bending state is colour coded in the figure.
No
Yes
Yes No Stop
NoStart
θ(s2)≥0Yes
Yes
No Yes
Key:Elastic bendingElastic-Plastic bendingElastic-Relaxing-Plastic bendingRelaxing-Plastic bendingIncrease force increment bending
Figure 4.12: Foil numerical model implementation in MATLAB
The logic that is used to calculate the springback of the cantilever is not given in the figure.
If a section of the cantilever has not previously been stretched beyond the yield point, the
springback curvature is 0. However, where the cantilever has been previously curved beyond
the yield curvature, the springback is calculated in terms of κm using the linear equation,
Eq. 4.26.
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Cantilever Undergoing Elastic Bending
Initially, a check is done to verify if the maximum previous curvature at the current free
end of the cantilever κm (s1) is lower than the yield curvature for the given material κy.
This check has the following form, κm (s1) ≤ κy. If this statement is true, the differential
equation κ˙e is solved for the current length of the cantilever. Next, a second check is done.
Here the curvature at various points along the cantilever is compared against the previous
maximum curvature at various lengths from the root along the cantilever. If κ(si) ≥ κm(si)
it is assumed that the cantilever has not yielded at any point along the length. Following this
branch of the figure, another check is done where the curvatures are compared against κy.
If the cantilever has not yielded in this step, the final check is done to verify if convergence
has been achieved, e.g. θ (s2) ≥ 0. The program then stops. If the convergence check fails,
the force increment is increased, and the process is repeated from the first check.
Cantilever Undergoing Elastic-Plastic Bending
In this bending state, the cantilever is divided along its length into two distinct sections,
a plastic and an elastic section. Starting at the third check from the previous example,
κ (si) ≥ κy. If this check is true at any point along the cantilever, the cantilever is segmented
at that point. Next, the ODE κ˙p is solved form the segmentation point (where κ (si) ≥ κy)
to the root. For the plastic section of the cantilever, the initial boundary conditions such as
the angle and curvature are equal to the angle and curvature of the elastic region that joins
the plastic section, e.g. the initial curvature of the plastic section is equal to κy. Finally,
the convergence check is done, if this check is true, the program stops.
Cantilever Undergoing Elastic-Relaxing-Plastic Bending
In this state, the cantilever is divided into three sections. An elastic, a relaxing and a plastic
section. The elastic section is located near the free end of the cantilever, the relaxing
section is in the centre of the cantilever, and the plastic region is located at the root of
the cantilever. Under the relaxing bending condition, the section of material has been
yielded in a previous step, however, as the point of force application with each step in the
iterative process moves closer to the root of the cantilever and the angle at the free end
θ(s1) is equal to 0, cantilever starts straightening. This results in a decrease in the current
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curvature near the tip in comparison to the curvature in the previous step. Considering
check κ(si) ≤ κm(si),if this check is true the κ˙r ODE is solved for the entire length of
the cantilever. A check is performed to identify the point at which the current curvature
along the cantilever κ (si) is greater than the maximum previous curvature at length si.
This check has the form, κ(si) ≥ κm(si). If this statement is false, a solution may not
be found therefore while the current length of the cantilever is maintained and the force
value is increased to the next force increment. If the statement is false, the cantilever is
broken at that point and κ˙p is solved, starting at that location and ending at the root of
the cantilever. Likewise, in the previous example, the boundary conditions at the division
point between the plastic and relaxing sections are equal. Next, the convergence check is
performed, and the program may be terminated or re-run.
Cantilever Undergoing Relaxing-Plastic Bending
Under this bending state, the cantilever has been shortened such that the free end is now
located in a previously plastically deformed region. If the statement κm (s1) ≤ κy is false
the curvature at the free end of the shorter cantilever is computed in terms of κm using Eq.
4.26. The angle θ(s1) is 0. Next κ˙r is solved and the check κ(si) ≥ κm(si) is conducted. The
steps that follow in this process have been previously explained in the Cantilever Undergoing
Elastic-Relaxing-Plastic Bending state.
4.2.3.3 Metal Foil Model Implementation in MATLAB
This section shows the implementation of the governing equations for the folding and subse-
quent relaxation of metal foil coupon in MATLAB. The equations used here are summarised
in Section 4.2.1.5. To initiate the model a series of input variables must be defined. The
input variables may be divided into five groups, these are;
• Geometrical parameters: L, h and b of the foil coupon (cantilever).
• Elastic and plastic material properties: Eα, να, Eη, νη and σy.
• Initial conditions at the point of force application: F , sin, θin and κin.
• ODE solver fine-tuning parameters, ‘OdeRef’ and ‘OdeTol’.
89
4.2. Numerical Model
• Model controls, ‘StepSize’, R and Dstop.
To solve the differential equations given in Eq. 4.2.1.5, the ode45 function in MATLAB
(The MathWorks, Inc., 2016) was used. The ode45 function is an ODE solver that is
based on the Runge-Kutta method, where the step size may be fixed or variable. The
‘OdeRef’ defines the ‘Refine’ factor. The ‘Refine’ factor specifies the number of refinement
intervals by which each step is increased. When this value is 1, a solution is given at the
end of each step, however, if ‘OdeRef’ > 1 each step is divided into a series of smaller
internals. Separate solutions are calculated at each interval. ‘OdeTol’ defines the relative
error tolerance, where the number of relevant digits in all variables are defined. ode45
was set such that MATLAB computed additional points along the length of the cantilever
without a high computational cost. Each time an ODE was solved with the ode45 function,
the function exported vectors for, s, θ, κ˙ and M . An event detector has been incorporated
in this function (ode45[κ˙e]), where if the curvature at any point from the free end is greater
than κy, this cantilever is cut. The odeset, with the ‘Events’ option has been used (The
MathWorks, Inc., 2017). Similar event detectors have been introduced in the remaining
ode45[κ˙p] and ode45[κ˙r] functions. The event detectors are equivalent to the if statements
that are present in Section 4.2.3.2.
As the boundary conditions at the free end of the cantilever are known, e.g. θ(s1) = 0
◦
and κ(s1) = 0, the solution is solved from the free end towards the root. Considering Fig.
4.13, initially the input variables are entered into memory. Following the arrow to the first
process rectangular box, the initial cantilever length is redefined as sL; this value is the
current step length of the cantilever. By redefining L as sL, the program does not overwrite
the initial length of the cantilever with the length value in the current step. With each
iteration sL decreases in the following way sL = sL − LStepSize, where the ‘StepSize’ is
defined in terms of a percentage of the initial length, L. In each process box, the outputs
are defined on the left side of the equal sign, and the inputs are defined on the right-hand
side of the equal sign. Next κy is calculated using Eq. 4.12. For simplicity and debugging
purposes, the program has been divided into two sections, the first section increments until
relaxation is present in the cantilever (left side of Fig. 4.13). In the second part of the code
(shown on the right side of the page) the cantilever is undergoing relaxation and springback.
90
4.2. Numerical Model
Figure 4.13: Foil numerical model implementation in MATLAB
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The equations are solved through three loops. The loops are given as n+, R+ and F+.
The reduction is made by loop n+. Here each loop represents a step where the cantilever
is shortened. This is followed by force refinement loop R+, where R is the position of the
decimal place that is incremented, e.g. if R = 0.1, the force value is increased by 0.1. Once
a solution is found for a coarse force increment, the force increment is backtracked to the
previous force value that has met the convergence criteria. For example, if a solution was
found for a force value of 1.2 N, the force is backtracked to a value of 1.1 N. R is then
divided by 10, thus a finer force increment is made, e.g. now the force value is increased
from 1.1 N to 1.11 N and the process repeats. The third loop F+, increments the force
value. Next, a housekeeping process is performed. Although during the first step (e.g. n =
1), s, a, κ, κ˙, and M are not defined, to prevent the code from reusing data from previous
steps the clearing step must be used for subsequent steps.
Likewise, in the previous section the dκds notation has been substituted with κ˙. Next the κ˙e
ODE is solved using the MATLAB function ode45. Then the code checks if the cantilever
has yielded at the root i.e κ(s1) ≥ κy, if the cantilever has not yielded the output variables
of the ode45 ˙[κe] function are renamed. If the cantilever has yielded, the elastic vectors are
cut at the point at which κe(si) > κy and values that correspond to sections of the cantilever
where κe(si) > κy are discarded. The boundary conditions for ode45 ˙[κe] are taken from
the point at which the elastic vector was cut, e.g. κe(si=end) = κy. The elastic-plastic
bending equation κ˙p is solved (Eq. 4.16). The output vectors from the elastic and plastic
equations are combined, forming a single vector for each variable. The model checks for
convergence with the check θ(s2) > 0. It has been previously stated that at the root it
is assumed that θ = 0. The angle values exported from the ordinary differential equation,
start with a negative value at the free end. As the cantilever approaches the built-in end,
this value reduces and gets closer to 0. Initially at the root, for a low force θ ≤ 0, however,
as F increases towards a correct solution θ ≥ 0. If this is not the true, F is increased,
and the loop continues. If the condition is satisfied, F is backtracked and the refinement
factor, R is divided by 10. This loop continues until the desired refinement is achieved, e.g.
refinement to six decimal places. Another check is done, this time the code verifies that
the elastic equation κ˙e has not been solved over a previously plastically deformed section
(the relaxation equation κ˙r should have been used instead. If this statement is false the
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current length of the cantilever is shortened by sL−L× StepSize, this length is used in the
next step of the iterative process. The Cartesian coordinates for the cantilever X, Y , are
calculated from the segment and angle values using the two equations that were derived by
Bele´ndez et al. (2003),
X (si) =
∫ si
si−1
cosθ (si) ds+X (si−1)
and
Y (si) =
∫ si
si−1
sinθ (si) ds+ Y (si−1) .
The values are then stored, and the n+ loop continues to the next step. If the previous
check is false, it means that the cantilever has started to relax and the length of the can-
tilever is backtracked, and additional values are stored such as the position of the yielding
point.
Now the code continues to the right side of Fig. 4.13. The second part of the model
incorporates laminate relaxation and springback. This starts with the n+ loop. The F and
sL are initiated, where the force value is taken back to the previous step and the cantilever
length is shortened. The refinement R+ and force increment F+ loops start. A check is
done, this verifies if the current tip of the cantilever has previously yielded. If this is true,
at the free end, θ(s1) = 0
◦ (as before), but now κ(s1) is given by the springback equation
Eq. 4.25 (κs). Next κ˙r, is solved. A stopping criterion has been implemented in this
function. This cuts the cantilever at the point where the current curvature is greater than
the past curvature for a given node. Numerical instabilities arise if the κr vector oscillates
around the κm vector. This effect is eliminated by reducing ‘OdeTol’. Backtracking to the
κ(s1) ≤ κy check, and moving along the ‘No’ branch, it is assumed that the free end has not
been previously deformed. The ode45 function is used to solve the κ˙e and κ˙r ODEs. The
outputs are combined. A check is done (κr at s2) to verify if the relaxation segment reaches
the root of the cantilever. If this statement is true, the force increment is reduced, and the
F+ loop is rerun. If this statement is false κ˙p is solved, and the outputs are combined with
the outputs from the previous equations. The convergence criteria θ(s2) > 0 is conducted.
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If the solution has not converged the force is further increased, and the F+ loop is rerun.
If the θ(s2) > 0 statement is true, the solution has converged. The solution is further
refined, and a new check is conducted using the R+ loop. Another check is done, this check
κr(n) > κr(n − 1), verifies if the curvature in a previously relaxing region has increased
instead of decreased. If this check is true ‘OdeTol’ is reduced, and the current step is
repeated. If this check is false sm, κm and ˙κm are computed. The Cartesian coordinates X
and Y are calculated using Eqs. 4.2.3.3 and 4.2.3.3. All values are then stored. To further
increase the speed of convergence a linear projection function has been implemented for the
force increment. Next the stopping criteria Dstop > Y (s1) is done. Dstop is an initial input.
This defines the distance along the Y axis between the root and the tip of the cantilever, at
which the computation must stop. If this criterion is not met, another n+ step is performed.
If the stopping criterion has been met, the springback equation κs is solved. As Eq. 4.26
outputs only a curvature vector, to obtain XY Cartesian coordinates for the springback
step, the θ vector is required. From geometry, the following relationship between the κ and
θ has been derived,
θ (si) = 2sin
−1
(
siκ (si)
2
)
+ θ (si−1) .
θs, Xs and Ys are calculated, and the springback outputs are saved. The numerical model
is then stopped.
4.2.3.4 Laminate Cantilever Model
Considering the uncertainty in obtaining the yield modulus for aluminium foils experimen-
tally, a simple model was created where a laminate strip with a width of 2 cm and a length of
15 cm deflected under the influence of gravity. The aim of this model was to back-calculate
the Young’s modulus. Coupons of laminate 2, were cut from the roll of material, one coupon
with the roll direction which coincides with the grain direction and the second coupon was
rotated at 90◦ to the roll direction. A slight curvature was observed in the short edge of the
second coupon. To emphasise to the reader the extent of this effect, a larger coupon was
cut, this is shown in the Appendix A. Figure 4.14 shows the orientation of the laminate
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Outward side
Inward sideMetal grain orientation to the rolling direction Coupon
Figure 4.14: Laminate storage roll
coupons with respect to the roll of material. Φ denotes the long edge of the coupon with
respect to the rolling direction.
While the laminate coupons were hanging from the edge of a working surface, a set of
images were taken. Using optical procedure given in Section 4.1.1, the displacement of the
coupon was converted into Cartesian coordinates. At the root of the coupon, the coupon
was constrained by a built-in condition. The coupons deformed elastically due to self-
weight. As expected maximum displacements were observed at the free end of the coupon.
The experiment was repeated with several material coupons. In one coupon the long edge
of the coupon was parallel to the rolling direction of the material roll and the outward
side of the roll corresponded to the top face of the coupon. In the second coupon, the
long edge of the coupon was perpendicular to the roll direction. In the third and fourth
coupon, the top faces of the coupons corresponded to the inwards side of the material on
the roll as shown in Fig. 4.14. The orientation the rolling direction was also varied between
the two coupons. These experiments were repeated several times. The scales that were
used in Section 4.1.1 were used to measure the mass of each coupon. Both coupons had
a mass of 0.25 g. A much simpler numerical model to the one shown in Fig. 4.13, with
a ‘OdeRef’ of 200 and ‘OdeTol’ of 10E−8 has been formulated. The moment has been
applied using Eq. 4.56. The laminate properties are given in Table 4.2. The experimental
and numerical model results are shown in Fig. 4.15. The experimental built in end of the
cantilever was located at X = 0 and Y = 0. The results show a significant discrepancy
between the different experimental cases, showing that the slight curvature induced by the
stowage cylinder affects the mechanical behaviour of the laminate. By utilising the standard
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Figure 4.15: Laminate 2 coupons bending due to self-weight
Young’s modulus value of 68.9 GPa, the displacement of the simulated laminate (using the
numerical model and governing equations developed in this Chapter) is in the centre of
the experimental values. To deflect the simulated cantilever between the experimental tip
displacement extremes Eα ranged between 45 and 110 GPa.
4.2.4 Numerical Models Refinements and Inputs
Once the numerical models for the foil and laminates 2 and 3 were constructed in MATLAB
to verify the numerical fidelity, the moment relative error ∆M(si) =
∣∣∣M(si)−FY (si)FY (si) ∣∣∣, has
been calculated from Eqs. 4.9, 4.15, 4.22 for the foil and 4.32, 4.36, 4.40, 4.44, 4.48 for the
laminates and the product between F and Y (si). This ensures that internal and external
forces have remained in equilibrium. Moment curves and the moment relative errors ∆M
are given in the Figs 4.16. As this numerical model is an iterative process, the maximum
values for the ∆M (%), are found in the final step. The relative moment error may be
further reduced by increasing the ‘Refine’ tolerance and decreasing the ‘StepSize’ between
the increments. It has been observed that by reducing the ‘StepSize’ there is a significantly
large variation in the ∆M , however, there is not significant variation the displacement of
the curved foils and laminates. The numerical model inputs including the refinement values
are summarised in Table 4.2.
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The ‘StepSize’ was defined in terms of the initial length, resulting in a coarser increment
near the end of the simulations. This effect is highlighted in the comparison of Figs. 4.16 (d)
and 4.16 (f). To capture the transition from the fully elastic to plastic states the length of
laminate 3 was increased in comparison to laminate 2. The values for the ‘OdeTol’, ‘OdeRef’
and ‘StepSize’ chosen based on multiple runs for the numerical model. The mechanical
properties of the polymer films e.g. Mylar R© and Kapton R© that are used in laminates 2 and
3 respectively are presented in Table 4.2 (DuPontTM Teijin Films, 2003; DuPontTM, 2016).
To include the effects of incompressibility while the material is undergoing plastic bending
ν was set to 0.5.
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Table 4.2: Inputs used in the numerical models, values that were obtain by fitting are
marked with *
Variables Foil Laminate 2 Laminate 3
L, m 0.07 0.07 0.15
h, µm 20.9 20.9 25.5
b, m 1 1 1
d, µm - 9.05 10.65
Eα, GPa 68.9 68.9 68.9
Eη
∗, GPa 0.36 0.36 0.38
Eρ, GPa - 0.38 2.5
να 0.33 0.33 0.33
νη 0.5 0.5 0.5
νρ - 0.38 0.34
σy, MPa 92 92 39.7
F , N -0.05 -0.001 -0.001
sin, m 0 0 0
θin,
◦ 90 90 90
κin, m
-1 0 0 0
OdeRef 200 200 50
OdeTol 10E-9 50E-8 10E-6
StepSize, % 1.5 1 2
R 3 3 4
Dstop, mm 0.7 0.7 0.4
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(f) Moment relative error for laminate 3
Figure 4.16: Moment and moment relative error for the foil and laminates 2 and 3 taken
from the numerical models
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4.3 Finite Element Analysis
In this section, a Finite Element Analysis (FEA) for the folding process and elastic-plastic
springback of a thin material coupon is given. The procedure has been used to separately
model folding and springback of a metal foil and a three-ply metal-polymer-metal laminate
coupon. The coupons are modelled as two-dimensional cantilevers. Initially, a straight
cantilever is bent with a tip load. A plate then compresses the cantilever until a large root
curvature is achieved and the metal foil or metal plies in the laminate undergo elastic-plastic
bending. It is assumed that the polymer ply in the laminate does not yield. As the desired
root curvature is reached, the contact between the cantilever and the compression plate is
broken. The cantilever then springback. To verify the stability of the models, a series of
geometry and mesh dependency studies have been conducted. The analyses were performed
in Abaqus FEA.
4.3.1 Part Geometry and Material Properties
In each analysis, two geometries have been modelled. One geometry for the cantilever
(metal foil or three-ply laminate) and a second geometry for the contact surface, these are
referred to as parts. The contact surface acts as the translating plate described in Section
4.1.1. The foil and laminate cantilevers are modelled as two-dimensional deformable solids,
and the plate is modelled as a two-dimensional non-deformable analytic rigid wire surface.
It is assumed that the compression plate is much stiffer than the foil or laminate. As the
plate is unlikely to bend before the desired coupon curvature is achieved, the efficiency of
the analysis is increased by modelling the plate as an analytic rigid wire surface. Thus,
no plate meshing is required. The two parts in each analysis are shown in Fig. 4.17. The
plate is modelled as an open wire surface. To prevent any nodes from falling behind the
compression plate, rounded crones have been added to the edges of the plate. To model the
laminate cantilever, the cantilever has been divided into three discrete sections, where each
section represents a separate ply. Figure 4.17 shows the layup of the laminate cantilever.
It is important to note that due to the high difference in the mechanical properties of the
adhesive and the metal or polymer plies, the adhesive that has not been included in the
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Figure 4.17: Parts modelled in the FEAs (the parts are not drawn to scale)
analysis, thus the thickness of the adhesive layers were incorporated in the thickness of the
polymer ply. Likewise, with laminates 2 and 3 which are presented in Chapter 3, the metal
proprieties have been applied to the cantilever’s outer sections and the polymer material
been applied to the core of the cantilever. The material properties in each section are
summarised in Table 4.3. Each material has been modelled as a homogeneous section. The
foil cantilever has been assigned the metal material properties. No material properties were
assigned to the plate.
Table 4.3: The material properties that are used in the FEAs were derived from the me-
chanical properties of laminate 2. The mechanical properties are given in Section 3.2
Section E, GPa ν σy1, MPa σy2, MPa y1 y2
Metal ply 68.9 0.33 92 271.6 0 0.5
Polymer film 0.5 0.38 - - - -
4.3.2 Element Types
To prevent hourglassing, shear or volumetric locking a limited number of element types
can be used form the standard Abaqus element library. Hourglassing, shear and volumetric
locking are formed when large strains are encountered and as the metal is work hardening
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becomes impressible. As the analysis performed here is two dimensional, the cantilevers
have been modelled in separate analyses either with plane stress (PS) or plane strain (PE)
elements. In the plane stress analyses, first order fully integrated continuum elements
with incompatible modes (CPS4I) have been used. As no mesh locking was observed, the
hybrid element formulation was not included (Dassault Systemes, 2013a,b,c). In the plane
strain analysis first order fully integrated continuum elements with a hybrid formulation
(CPE4IH) have been used. Unlike in the analysis that used PS elements, hybrid elements
have been applied in the plane strain analysis to eliminate artificial stiffening. By using
hybrid elements, the element count is kept to a computationally feasible number. Hybrid
elements prevent artificial stiffening by increasing the degrees of freedom as required by the
solver. During this work and by reviewing a series of case studies provided in the ABAQUS
documentation (Dassault Systemes, 2013b) it has been observed that by using the condition
of plane strain a cantilever becomes stiffer for the same number of elements as in the plane
stress condition.
4.3.3 Analysis Description and Boundary Conditions
The analysis has been divided into four steps. The steps are given in Fig. 4.18.
• Step 1. Initially, the cantilever is flat, and the plate is positioned at 0.1 mm from the
free end of the cantilever. The nodes on the root edge of the cantilever are constrained
from displacing along the X axis. A Y axis displacement constraint has been applied
to all nodes on the cantilever’s root edge. One node has been constrained along the X
axis to allow other nodes on this edge of the cantilever to expand and contract along
the X axis. Two concentrated loads are applied to the free end of the cantilever,
a negative vertical force, −FY and a positive horizontal force, FX . The forces are
applied to the central node of the cantilever’s free edge. As continuum elements have
been chosen for the modelling of the foil and laminate coupons, the component in
which the concentrated loads FX and FY act, remain fixed along the primary axis
direction (e.g. the force components do not change direction with the node rotation).
During the early stages in the implementation of the model, a moment was coupled
with the free-end edge, however, this type of boundary condition over constrained the
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Step 1
Step 2
Step 3
Step 4Y X
Figure 4.18: FEA steps, in Step 1 two tip forces are applied, thus resulting in a slightly
curved cantilever. In the second step the plate is translated and contact is made with the
cantilever. During this step the tip forces are removed once contact has been made. In the
third step the translation of the compression plate continues to the defined length. In the
fourth step the place to cantilever interaction is broken and the foil/laminate relaxes
free-end of the cantilever, leading to high plastic deformations in this region. The
individual point load force magnitudes have been tailored such that a slight curvature
is achieved in each analysis. It was important that the maximum coupon curvatures
resulted from the application of the free-end forces were lower than the metal’s yield
curvature at a total thickness of 41.8 µm. The resulted curvatures of the cantilever had
to facilitate bending in the correct direction once the cantilever was in contact with
the plate. A frictionless node to surface tangential and a normal ‘hard’ contact which
does not allow separation was defined between the non-deformable master translat-
ing surface (plate) and the lower horizontal edge of the cantilever. Abaqus uses a
pressure-overclosure relationship to define contact between two surfaces. The default
relationship is called the ‘hard’ contact model (Dassault Systemes, 2013d). A ‘hard’
contact has the following features, pressure is applied from the master to the slave
surface when the clearance between the two surfaces is zero, the constrained surfaces
cannot penetrate one another, and the maximum pressure that is transferred between
the two surfaces is not bound by an upper limit. By defining a non-separation ‘hard’
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contact relationship between two surfaces, the surfaces cannot separate once contact
has been made. For example, considering a cylinder that is axially compressed by a
translating plate, if the plate is retracted the cylinder will be placed in tension. All
nodes on the cylinder section that was in contact with the plate during the compres-
sion phase cannot break contact with the plate’s surface. By not allowing separation
between the two contact surfaces, convergence errors due to the formation of over-
closures were eliminated. However, the contacted section of the cantilever could slide
in the X axis of the contact plate. A ‘hard’ contact relationship with separation al-
lows the surfaces to separate when the boundary conditions are changed. Automatic
stabilisation of the contact interactions was chosen. Initially, different stabilisation
coefficients were chosen. However, due to the complex non-linear elastic-plastic be-
haviour encountered by the cantilever, different coefficients were required at the start
and end of the compression steps (Steps 2 and 3). To satisfy the stabilisation fac-
tors required at high curvatures, the time penalty and disk space required for the
simulations were high. ‘Nlgeom’ (non-linear analysis) was enabled in all steps.
• Step 2. The plate is translated in the negative vertical direction and contact is made
with the foil or laminate. The cantilever tip forces are reduced with the amplitude
given in Table 4.4. The plate is translated with a linear profile within 80% of the
desired complete translation.
Table 4.4: Tip forces amplitude in step 2
Step time Amplitude
0 1
0.3 0
1 0
• Step 3. In this step, the forces that were applied to the tip of the cantilever are made
inactive, and the plate is translated along the Y axis such that the plate is situated
at a vertical distance of 0.6 mm from the root of the cantilever. A restart request for
each increment has been created in this step.
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• Step 4. The contact interaction between the cantilever and the plate is broken in
this step. By breaking this interaction, the plate is removed from the analysis and
the cantilever springs back.
Once the analysis has been completed, the force increment was plotted against the iteration
number. Using the restart file that was initiated in Step 3, the final distance of the plate
with regards to the root of the cantilever could be increased or decreased such that that
desired reaction force could be reached. For example, by translating the plate to a vertical
distance of 0.6 mm from the root of the foil cantilever, the reaction force on the plate was
equal to 27.7 N.
4.4 FEA Mesh and Geometry Refinements
Due to the relative simplicity of the foil, the bending of the foil cantilever was initially
modelled. To eliminate the effects of the initial cantilever length, the foil was modelled as
a rectangle with a width of 41.8 µm and lengths of 30, 40 and 50 mm. During the length
study, the three cantilevers have been modelled with seven through thickness nodes, tN
and 220, 280 and 360 lengthwise nodes. All meshes had a bias ratio of six. The highest
node density was located at the route of the cantilever. The three foil cantilevers with the
state meshes have been modelled following the approach that is presented in the previous
section. Figure 4.19 (a), shows the required reaction force that was exerted on the plate
by the cantilever, while the plate was situated at a vertical distance of 0.6 mm from the
built-in end of the cantilever. Between the foils with lengths of 30 mm and 50 mm there
is a difference in the reaction forces of about 0.015%. As the penalty in the computational
duration between the two analyses is minimal, the 50 mm was used in the next mesh study.
Furthermore, by choosing this longer length, the cantilever could be bend in the elastic
state to form half of a ‘U’ shape. A through thickness node dependency study was also
conducted for the cantilever with a length of 50 mm. The results are shown in Fig. 4.19
(b). From the results presented in Fig. 4.19 is it evident that this type of analysis is more
sensitive to the through-thickness node count than to the length of the cantilever. Three
models have been created. The meshes had the following node counts, 7 × 360, 9 × 600 and
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(b) Through thickness nodes study.
Figure 4.19: Foil analysis refinement studies for a D of 0.6 mm, for CPS4I elements
11 × 800. Likewise, in the earlier length dependency study, a bias of six has been applied
to the nodes that are located on the horizontal edge of the cantilever. The greater node
density is located at the root of the cantilever. The FEA results presented in Section 4.5
have been extracted from the cantilever with a length of 50 mm and a mesh with a node
distribution of 11 × 800 nodes. This mesh is presented in Fig. 4.20.
5 nodes7 nodes 15 nodes5 nodes
11 nodes
}}}}}}}}}
}}}
}}}PolymerKey:
Foil:
3 ply laminate:Metal
Built in end(root) Free end
Figure 4.20: Foil and laminate cantilever meshes that were used to obtain the results that
are given in the Section 4.5. Note the node distributions and mesh sizes are drawn to scale
with regards to the size of the cantilevers.
The procedure that was used in the length and node refinement studies for the foil cantilever
analysis was applied in the refinement studies for the laminate 2 cantilever. The laminate
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cantilever root and free edges have been segmented into three sections, each representing
an individual ply. The root and free end edges were segmented at lengths of 12.1 and 29.7
µm from one of the long edges. Note that the layup of the laminate is symmetrical. For the
length study, three laminates have been modelled with lengths of 30, 50 and 60 mm, the
cantilevers with the respective node count 3 - 3 - 3 × 220, 3 - 3 - 3 × 360 and 3 - 3 - 3 ×
430. Considering that the root and free ends of the cantilever have been divided into three
sections, each separate section is individually meshed. The left and right numbers define
the number of nodes into which the metal ply have been segmented. The number in the
centre of the series represents the number of nodes into which the polymer ply has been
segmented. Considering the node distribution for the laminate cantilever that is shown in
Fig. 4.20, has the following edge distribution 5 - 7 - 5. However, by counting the nodes,
from an observer’s perspective, it looks like there are fifteen nodes. The tN value in this
figure is equal to fifteen. Thus, analysing the earlier example where the two short edges
have a combination of 3 - 3 - 3 nodes, tN is equal to seven. A bias of six has been applied
along the long edge of the cantilever towards the root side of the cantilever. As Fig. 4.21 (a)
shows the maximum reaction force encountered by the plate while cantilevers of different
lengths are compressed. The length of the cantilever has a marginal effect on the reaction
force. For the next refinement, a cantilever length of 50 mm was chosen. The results from
the mesh refinement study are shown in Fig. 4.21 (b). Three models have been created
with the following meshes, 3 - 3 - 3 × 360 with a tN = 7 and a bias of six, 4 - 5 - 4 × 1500
with a tN = 11 and a bias of six and 5 - 7 - 5 × 2000 with a tN = 15 and a bias of ten.
The reaction force stabilises at a force of ≈ |F | = 16.7 N with a tN value equal to 15. The
results from the latter model are given in the in the next section.
Similar tests have been conducted for the plane strain elements, the results shown in the
following section for the foil are based on a 50 mm long cantilever with a mesh that has a a
node distribution of 11 × 800 nodes. For the modelling of laminate 2, the results presented
here are based on a laminate with a length of 50 mm and a mesh with 5 - 7 - 5 × 2000
nodes. For these configurations the maximum forces for a final compression D = 0.6 mm,
were 34.117 N and 21.723 N respectively.
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Figure 4.21: Laminate 2, analysis refinement studies for a D of 0.6 mm, for CPS4I elements
4.5 Results and Discussion
The experimental, numerical model and FEA results are compared in this section. The
results have been arranged in three data sets, comparing |F | against D, XY displacements
plots for the maximum force and springback and XY displacements contour plots for the
different curvature states that were encountered during the folding of the coupons. In
this section the results that were obtained from the derived equations and the subsequent
implementation of these equations in MATLAB are referred to as the numerical model
results. The results obtained using Abaqus are referred to as the FEA results. The numerical
results have been obtained under the condition of plane strain. FEA results are presented
for analyses that were conducted with plane strain or plane stress elements. The numerical
model has been derived for the condition of plane strain due to the given geometry of
the cantilever and the mode in which the force is applied. The FEA analysis results were
obtained separately under both conditions (plane stress and plane strain) to verify the
feasibility of using the available elements in Abaqus FEA for this type of analysis. As the
next step of this project will involve the modelling of the deployment of such a fold where
the condition of plane stress may be more appropriate.
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4.5.1 Metal Foil
Initially, let’s consider the bending of the foil cantilever, note no experimental results are
available for the foil. The numerical model results and FEA results under the condition of
plane stress (PS) show agreement when the tip force is compared against D and when the
XY displacement of the foils in the final step is considered. The final step displacements
are given for an applied tip force of 16.6 N. The results are given in Figs. 4.22 (a) and
(b). Although the numerical model has been implement with the condition of plane strain
(PE), the FEA results under plane strain (CPE4I elements) show a large discrepancy at
low curvatures. The solution diverges for the springback step as the simulated plot shows
a smaller springback in comparison to the FEA result. As default adaptive stabilisation
has been selected for the FEA these effects are observed in the |F | against D plot, showing
localised oscillations.
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Figure 4.22: Numerical and FEA results for the foil
Figure 4.23 shows the displacement plot of the foil for each step in the iterative process, each
step is marked by a single line. Note the lines are shorter near the origin of each figures.
The shortest line represents the cantilever when the maximum force is applied. In this step
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the tip of the cantilever is in the relaxing state. The lines are more evident in Fig. 4.23 (a),
as the steps taken in the numerical model were larger than the steps in the FEA, the FEA
results are shown in figures (b) and (c). Three colours are used in these plots. The black
lines (represented by κs) mark the section of the cantilever where the maximum curvatures
were lower than the yield curvature. The red lines (represented by κp mark the sections
of the cantilever which are undergoing plastic deformation during the given step. The blue
lines (represented by κr mark the sections of the cantilever that were undergoing relaxation
during the given step. To extract this information from the numerical models the type of
equation used by the automatic scrip outlined in Section 4.2.3.3. In contrast, for the FEA
the ‘Von Mises’ stress has been extracted for all increments from the nodes of the contact
side of the cantilever. The stresses were compared against σy1 and the relevant curvature
state designation was assigned. Although the increments in the numerical model are much
coarser the transition between the curvature states is much finer. The transition between
the stress states is less smooth but overall the results show a similar pattern. This diagram
has many uses as it is possible to visualise the extent and magnitude of work-hardening
away from the crease. This further shows the difficulty in modelling the buckling load of a
packaged, deployed and rigidised laminate cylinder, as multiple work hardened regions may
intersect. There is no visible change in between the FEA results obtained with plane strain
or plane stress elements.
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Figure 4.23: Cartesian coordinates for the displacement of the foil with an increase in the tip
load and segment shortening, displaying the different states of bending in terms of curvature
for the numerical model results and in terms of the ‘Von Mises’ stresses for the FEA results
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4.5.2 Laminate 2
Fig. 4.24, compares the numerical model, experimental and FEA results for laminate 2. The
numerical model and FEA PS results show a very close match at all D scales. As with the
foil results the FEA PE results deviate from the numerical model results at lower curvatures.
The experimental results deviate from numerical model and FEA at low curvature, however,
at high curvatures the results for the laminate under load and during springback show good
agreement.
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Figure 4.24: Numerical, experimental and FEA results for laminate number 2
As shown in section 4.2.3.4, laminate 2 has a high sensitivity in bending to residual stresses
resulted from manufacturing or storage. During the experimental compression tests the
rolling side of the laminate was not recorded. Furthermore, the material model is very
simple and the material properties used are based on the tensile tests performed on the
laminate and not the foil and the Young’s modulus value is based on the generic value for
aluminium alloys. Another point of difference may arise at low curvatures from the effects
of gravity and self-weight of the laminate. All results agree in the displacement of the
laminate against the applied for at high curvatures and during the springback phase.
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The different curvature and stress states are given in Fig. 4.25. Due to the five bending
states of the laminate cantilevers, additional colours are present in the colour charts. Here
the back lines represent (κe), this marks the sections of the cantilever where no yielding was
present in the metal foils. With increase loading the external sides of the laminate start to
yield, however, the foil sides that bound the polymer core remain in the elastic range. This
state is referred to as elastic-plastic, this is denoted as κp and is marked with the red colour.
As the curvature in the elastic-plastic section reduces due the shortening of the cantilever,
the state transitions into the elastic-relaxing state, market by κr and the blue colour. Next
the elastic-plastic region for the foils transitions to become fully plastic (κp′), this is market
by the green colour. The fully plastic deformed region becomes fully relaxed (κr′) this is
market by the orange colour.
Overall these figures show similar results. To obtain the κp′ and κr′ results, the ‘Von-Mises’
stress values were extracted from the interface nodes between the metal foils and polymer
film.
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Figure 4.25: Cartesian coordinates for the displacement of the laminate 2 with an increase
in the tip load and segment shortening, displaying the different states of bending in terms
of curvature for the numerical model results and in terms of the ‘Von Mises’ stresses for the
FEA results
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4.5.3 Laminate 3
Considering Fig. 4.26, the numerical model and experimental results for the third lami-
nate show very good agreements. The numerical models show a much smaller degree of
springback than the experimental results. As the foil in this laminate is much softer the
closer match in the results are likely caused by this effect as this material is much more
compliant. Laminate 3 has not been modelled with FEA. However, for completeness the
curvature transition states are presented in Fig. 4.27. The effects of the much lower yield
stress are shown in this figure, as yielding initiates at very low curvatures.
0 63 1512904
32
8
20
12
24
16
28 ExperimentNumerical model PE
(a) Absolute half force, F plotted against the sepa-
ration half distance D.
0 0.80.2 0.4 1.210
0.2
1.2
0.8
0.40.6
1
0.6
Numerical model Experiment
(b) Cartesian coordinates for laminate 3 during the
final force increment (F = 16.6 N) and resulting
springback (F = 0 N).
Figure 4.26: Numerical, experimental results for laminate number 3
113
4.5. Results and Discussion
0 10 20 30 40 50 600
1020
3040
5060
Figure 4.27: Cartesian coordinates for the displacement of the laminate 3 with an increase
in the tip load and segment shortening, displaying the different states of bending in terms
of the bending differential equation for the curvature with respect to the segment location
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Chapter 5
A Novel Structural Spacecraft
Application of Metal-Polymer
Laminates
This chapter is not linked to previous work presented in this thesis. However, the lessons
learned by investigation the behaviour of metal-polymer laminates and by researching the
use of metal-polymer laminates in spacecraft application were used in this chapter. A de-
tailed step by step use of metal-polymer laminates in the construction of spacecraft struc-
tures is given. The work presented in this chapter was developed for the RemoveDEBRIS
mission and DebrisSat-1 spacecraft. A parametric study for the construction of an inflatable
and rigidisable structure is given, this study aimed to minimise the mass of gas required
to rigidise a shell, while a cross-sectional area of 0.5 m2 is maintained. Development con-
siderations are highlighted. Several axial buckling tests results for cylinders constructed
with laminate 1 are compared against theoretical results. A novel ‘Z’ packaging method
for such cylinders is explained and is experimentally evaluated. With this method, the aim
was to regulate the deployment of a packaged cylinder by providing an open path between
the individual folded segments. The results show an improvement in comparison to the
conventional ‘Z’ packaging method. A novel triangulated packaging method has been de-
veloped for the folding of triangular sail segments. It was found that his packaging method
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is adequate for designs where the deployment of such segments is not predictable. The
chapter ends by further explaining the design of the inflatable model and discussing the
deployment behaviour of the DebrisSat-1 spacecraft. Although the work presented in this
chapter is part of the RemoveDEBRIS project, all the work presented here was done by the
author of this document.
5.1 The RemoveDebris Mission
The RemoveDEBRIS mission is a European Commission funded project that aims to demon-
strate in-orbit active debris removal with a multitude of experiments (Forshaw et al.,
2015a,b). RemoveDebris is due for launch in late 2017. This spacecraft will be launched
from the ISS at an altitude of 400 km. Once in-orbit and all the housekeeping tasks have
been completed, the experimental timeline will proceed in the following order: A 2U Cube-
Sat target (called DebrisSat-1) with a stowed inflatable structure is ejected from the primary
spacecraft (Mehrparvar, 2014). In the deployed state the inflatable structure has a cross-
sectional area of 0.5 m2. After the deployment and rigidisation of DebrisSat-1’s (DS-1)
inflatable structure, a net is ejected from the platform spacecraft. The net hardware con-
sists of a stowed hemispherical net with a deployed diameter of 5 m and a weight of 0.6 kg.
The target will be captured while the inflatable is pressurised. The net then wraps around
the debris analogue. In this experiment the net is not fixed to the primary spacecraft,
however, in the future, it is intended to tether the net to the primary spacecraft so that
debris can be captured and pulled to orbits from which passive and timely deorbiting is
possible (Lappas et al., 2014). The comparing net has a velocity mas of 0.6 kg, but the
release velocity is unknown. Furthermore, as the as the capturing net will wrap around the
inflatable structure, a series of motors that are situated around the open rim of the conical
net will tighten around DS-1. This tightening force is also unknown. Therefore, no analysis
was conducted by the author to verify the expected loads in space. It is expected that the
deployed structure will experience rapid structural loading during deployment and capture,
but the structure will be exposed to prolonged and increasing loading from the atmosphere
as the orbit radius will decrease with time. In this chapter deorbiting refers to atmospheric
entry, e.g. when an object from outer space or orbit enters through the gaseous atmosphere
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of the planet heat DS-1 and the net can deorbit. The deorbit time of DS-1 is reduced due to
the increase in the cross-section. To observe assisted deorbiting with a drag sail from LEO
and to prevent further debris generation, at the end of the RemoveDebris mission, a drag
sail with a cross-sectional area of 10 m2 will deploy from the platform spacecraft.
Many the lessons learned from the relatively limited number of previous inflatable structures
missions and work conducted in the earlier chapters were used in the development of the
novel inflation based structure presented in this work.
5.2 Lifetime Analysis
To quantify the effects of a 0.5 m2 drag augmentation device that was fitted to a 2 kg
spacecraft, a lifetime analysis was conducted. The results are shown for different LEO
atmospheric conditions in Fig. 5.1.
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Figure 5.1: Deorbiting time from an initial altitude of 650 km for a spacecraft with a mass
of 2 kg. To two of the curves a aerodynamic drag sail with a cross-sectional area of 0.5 m2
has been attached
From an initial altitude of 650 km, a spacecraft fitted with such a drag augmentation
device can deorbit in a much shorter time ranging between 0.4 years in solar maximum
conditions to 4 years in solar minimum conditions. This difference in the deorbiting time
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of the spacecraft that project the same cross-sectional area is resulted from the change in
density of the LEO atmosphere due to changes in solar activity. Both deorbiting times are
within the recommended target set by IADC of 25 years (Liou et al., 2013; Parliamentary
Office of Science and Technology, 2010). In contrast for a spacecraft with the same mass of
2 kg and a cross-sectional area of 0.0002 m2, but which has not been fitted with the drag
augmentation device exceeds the 25 years deorbiting time in solar maximum conditions. A
cross-sectional area of 0.0002 m2 was chosen for this study as this represents the maximum
cross-sectional area of a 2U CubeSat spacecraft. This study has not been conducted for a 2
kg spacecraft that has not been fitted with a drag augmentation device, for solar minimum
conditions due to the expected long deorbiting time.
5.3 Geometry Selection
The stowage efficiency of an inflatable module increases as the size of the structure is
scaled up. This self-contained module includes the deployable shell material, the deploy-
ment/rigidisation gas and gas supply equipment. To overcome the challenge of housing
such a module in a single U-class CubeSat unit, while projecting a deployed cross-sectional
area of 0.5 m2, when the structure is viewed from the major planes, several geometries
were considered. In this study, the initial baseline design is a conventional spherical shell.
As the spherical shell must be constructed from flat sheets, the most conventional pattern
uses longitudinal gores and two polar caps. Considering previous missions such as OCSE
and AeroCube 3, the spherical shell analysed in this section has been divided into twelve
equal gores (Lichodziejewski et al., 2002; Hinkley, 2012). For a sphere with a cross-sectional
area of 0.5 m2 and a diameter of 0.8 m, if the number of gores is reduced, stretching of
the individual sections occurs around the equator. However, by increasing the number of
gores, the number of individual laminate pieces is larger. As a result, much more adhesive
is used to seal the sphere, this increases the relative seam length. Due to the geometry of
the individual gores, as gores taper towards the poles, the relative amount of adhesive to
laminate is much larger at the poles than at the equator. The geometry of a gore and its
integration in a sphere is shown in Fig. 2.2 (b). Having much more adhesive at the poles of
the spheres the rigidity of the polar regions increases and compliance to folding is reduced.
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The described spherical geometry is shown in Fig. 5.2 (a). Table 5.1, shows the gas mass
required to rigidise each structure, the laminate surface area and the seam lengths. The
material properties used in this analysis are based on the two-ply laminate (laminate 1)
that are given in Tables 3.1, and 3.2
Three further geometries were considered, these designs were based on regular polyhedrons.
With each subsequent geometry, it was intended to reduce the required rigidisation gas
mass. As the gas must be stored securely either in a pressurised container or as a solid
fuel, there is a significant increase in the inflation system required volume with the stowed
gas volume. The rigidisation gas mass may be reduced by, reducing the metal foil thickness
in the laminate, increasing the rigidisation radius or by reducing the rigidisable material
surface area. In this concept study, the laminate properties were fixed, but the latter gas
reduction factors were used. A polyhedron is a three-dimensional shape with polygonal
faces and straight edges that are connected at a series of sharp vertices. In the second
design iteration, a regular icosahedron is used, this structure is constructed with thirty
equal laminate cylinders that form the external edges of the structure. A set of twenty
triangular faces are connected at the vertices. This geometry is shown in Fig. 5.2 (b). The
mathematics used to calculate the length and location of all the nodes is given in Appendix
B, this extract was adapted after work published by Kenner (1976). The geometry was
further reduced to a regular octahedron. This structure has eight faces and twelve edges.
It is possible to deploy this structure by inflating eight of the twelve edges, as shown in
(a) Sphere with twelve
gores.
(b) Regular icosahedron
with external edge cylin-
ders.
(c) Regular octahe-
dron with external
edge cylinders.
(d) Regular octahe-
dron with internal
cylinders.
Figure 5.2: Geometrical concepts, with a cross-sectional area of 0.5 m2
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Fig 5.2 (c). In the presented designs to this point the shells are exposed to potential
collisions with the spacecraft during deployment and to the environmental factors such as
solar radiation and in LEO to atomic oxygen. The gas volume required to deploy and
rigidise the inflatable is further reduced by rearranging the position of the cylinders in the
octahedron. Figure 5.2 (d), shows this arrangement. In this figure, the triangular segments
are attached to the centre. However, due to the symmetry of the regular octahedron, the
sail segments may be arranged in two configurations. Figure 5.2 (c) shows the triangular
segments connected at the centre of the geometry. Figure 5.2 (d), shows the sail segments
arranged as the external faces of the octahedron. Although the latter arrangement uses
25 % more material, this configuration shields the inflatable members. In Table 5.1, it
is evident that the octahedral design with internal cylinders is highly efficient concerning
the volume of gas used. This design was further developed. The cylinders used in the
octahedral structures have a diameter of 40 mm. Initially, this diameter was much lower at
35 mm. However, with a decrease in the radius of the cylinders, there is an increase in the
rigidisation pressure. Due to the complex geometry of the structure and the limited stowage
volume of 10 10 10 cm, an octahedral structure with a maximum cylinder diameter of 40
mm could be used.
Table 5.1: Rigidisation gas requirement for different shell geometries with a constant cross-
sectional area of 0.5 m2 and cylinders with a diameter of 40 mm.
Geometry Gas mass, g Laminate area, m2 Seam length, m
Sphere - 12 gores 12.7 2.2 14.5
Icosahedron 10.9 1.7 12.6
Octahedron - external cylinders 3.8 0.7 5.4
Octahedron - internal cylinders 2.1 0.4 2.9
5.4 System Design and Operation
The inflatable structure discussed in this chapter is shown in the packaged state in Fig.
5.3 and in the deployed state in Fig. 5.4. For clarity, the inflatable structure has the
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Figure 5.3: Packaged inflatable module cut-out. The packaged sail segments are not shown,
these occupy the spaces shown between the bottom and top plates and the end fittings of
the radial cylinders.
121
5.4. System Design and Operation
same orientation in both figures. The structure is constructed of six aluminium-polymer
laminate cylinders. The cylinders have an average length of 0.455 m. These are connected
axially to a rigid connecting unit to form a regular octahedron. The rigid connecting unit
is marked in Fig. 5.3 with number 8 and in Fig. 5.4 with number 6. A set of eight
triangular polyester film segments or sails segments enclose the structure. Number 3 in Fig.
5.4 denotes one such segment. The gossamer structure was developed as a self-contained
unit measuring 100 × 100 × 121.5 mm. A cut-out of the stowed inflatable is shown in Fig.
5.3. The inflatable structure is housed internally in the stowage unit. A burn wire release
mechanism constrains the top section of the stowage unit, which in turn fixes in place the
inflatable and a spring-loaded push plate. To prevent the relative movement of the central
unit and the two support plates during launch, a series of PTFE constraining blocks have
been added. The external edges of the four radial cylinders are self-supporting with the
aid of a series of PTFE cylinders that are sandwiched between the top and translating
plates, and the stowage housing. A ‘Z’ folded radial cylinders are marked in Fig. 5.3 with
number 13, in Fig. 5.4 this cylinder in the deployed state is marked with number 7. The
supports have been designed in such a manner that no load is transmitted through the sail
or inflatable membranes. The cylinders that connect the base plate to the central unit and
then to the top plate are referred to as axial cylinders. The axial cylinders are marked in
Fig. 5.3 with numbers 5 and 20 and in Fig. 5.4 with numbers 5 and 9. The cylinders
that extend from the central unit and deploy in a perpendicular direction to the axis of
the spacecraft are referred to as radial cylinders. The deployed structure and the host 2U
CubeSat measures 997 × 997 × 1214 mm, and it has a cross-sectional area 0.5 m2 when
observed from the three principal axes. With a change in orientation, this value differs.
The deployed structure is shown in Fig. 5.4.
5.4.1 Mode of Operation
The burn wire mechanism must be activated to initiate deployment. This releases the unit
top plate which in turn allows the translating plate compression springs to extend. This
pushes the entire inflatable assembly out of the stowage box. To prevent the platform
from jamming during translation a single guiding rail was implemented with a set of two
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Figure 5.4: Deployed inflatable. A sail segment has been removed to show the inter struc-
ture. The chassis of the spacecraft has not been rendered in this figure. The push plate is
located on the top right corner, deployment starts from this direction.
self-aligning contact points. Two more rails are used to prevent the compression springs
from buckling during stowage. A set of spring plunges are installed on the platform. The
platform is locked at the deployed distance by the extension of the spring plunger pins into
a series of cut-outs located on the walls of the stowage box. Before inflation, the inflatable
module must be sealed. This is achieved by closing a normally-open valve and closing the
exhaust port. The exhaust valve and port have been included in the inflatable module to
provide an open path for the equalisation of internal and external pressures during flight. In
the current configuration, a non-latching solenoid (Lee Company LHDA0060365D) is used.
To stop the spacecraft from spinning once the valve is reopened to release the inflation gas,
a flow divider covers the exhaust port. The CGG is then fired. Considering deployment
studies conducted for the InflateSail project (Viquerat et al., 2015), it is expected that
deployment should be achieved within 0.5 s, with membrane rigidisation being reached
after 2 s. The exhaust valve is then reopened, and the pressure is released.
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5.5 Inflatable Module
The inflatable unit consists of the inflatable cylinders, the inflation unit and exhaust valve,
sail segments, deployment tray and stowage module enclosure. In this section, each compo-
nent is described in detail. Figure 5.4, shows the inflatable module in the packaged and Fig.
5.6 show this module in the deployed configurations. It is possible to observe the volumetric
efficiency of a truss based structure versus a spherical structure, where only a small per-
centage of the deployed volume must be inflated. Furthermore, by enclosing the inflatable
members and by using reflective sail segments, the inflatable members are shielded from
direct solar radiation. The inflatable structure utilises six cylinders, of which the radial
cylinders have a length of 452 mm, the top axial cylinder has a length of 460 mm and the
axial base cylinder a length of 465 mm. All cylinders are constructed from laminate 1. The
cylinders are sealed with 3M 966 adhesive transfer tape, forming a lap joint with a width
of 10 mm.
5.5.1 Central Unit Assembly
The central unit assembly is shown in Fig. 5.5. This component was machined from a single
block of metal. Due to the intersection of six cylinders at this location in the structure,
the connecting unit requires a relatively large volume. Several rigid connecting methods
were investigated to minimise this volume. Maessen (2007) has shown the use of a flexible
connecting unit for a non-rigidisable structure. However, as pressure based rigidisation is
dependent on constant shell curvature, such a complex geometry is not appropriate for the
current set-up. To increase the PE of the structure, the central unit was enlarged, and the
inflation system and the exhaust valve were installed within this central unit. The CGG is
secured in place with a set of two clamps that prevent rotation and translation. The valve is
secured in place with two bolts. Furthermore, by placing the inflation system (CGG) at the
central junction within the inflatable, partial deployment is still possible in the case where
one or two inflatable members become tangled or do not deploy. The power cables for these
units are routed through the connecting cylinder to the movable tray. In the flight model,
a highly flexible ribbon cable will be used, the cable will conform to the packaged shape of
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Figure 5.5: Central unit assembly cut-out
the cylinder. The exhaust port of the CGG is not aligned with the axial members. This
design feature increases the chances of all cylinders deploying simultaneously and decreases
the possibility of the strong jet to damage the laminate cylinders.
5.5.2 Radial Cylinder Assembly
The assembly of a radial cylinder is shown in Fig. 5.6. The radial cylinders are self-contained
units that are attached via an M8 thread onto the central connector assembly. To seal this
connection, sealing tape and an O-ring are used. If a more pressure tight connection is
needed, sealing paste may be added. A channel for the inflation gas has been made through
the centre of the threaded section. A two-part end fitting secures and seals each end of the
radial cylinders. To prevent the membrane from detaching during pressurisation, the ends
of the cylinders are clamped between two aluminium disks. To increase the airtightness, a
worm driven clamp sandwiches the membrane between a set of two O-rings and the internal
aluminium disk. This methodology has been also utilised to secure one of the ends of each
axial cylinder. This approach was not applicable to the central connector assembly and
axial cylinders. Two O-rings and a worm driven clamp were used to seal the inflatable but
also a secondary worm driven clamp was used to secure the sails. The worm drive clamps
are off-the-shelf Oetiker 304 stainless steel units with a bandwidth of 5 mm and a diameter
range of 38 to 49 mm. In the current set-up, 14 clamps are used. The radial cylinders
and top axial cylinder are ‘Z’ folded to a height of 2 mm. To accommodate the power
cables that are routed through the bottom axial cylinder, a packaging length of 30 mm was
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Figure 5.6: Radial cylinder assembly cut-out
allowed.
5.5.3 Cylinder Tests
The axial and bending buckling loads and moments of unpressurised and pressurised cylin-
ders have been approximated with the empirical model created by Weingarten and Seide
(1968). A description of this model is given in Appendix C. Initially, unpackaged cylinders
with lengths of 490 mm and diameters of 35 mm that were constructed from laminate 1
were inflated to different internal pressures. Three cylinders were pressurised to pressures
of approximately 34 kPa, one cylinder was pressurised to a pressure of 48 kPa, and a further
three cylinders were pressurised to a pressure of 69 kPa. It is important to note that the
calculated rigidisation pressure for these cylinders is approximately 59 kPa. Next, the in-
ternal gas was vented to atmospheric pressures. The metal end fitting which provided a gas
seal were changed lightweight plastic fitting. Each cylinder was placed in an Instron testing
machine. The cylinder and were loaded under the simply supported boundary condition.
To compress each cylinder, displacement was applied to one of the supports. The collapse
loads were recorded. The results from the compression tests are shown in Fig. 5.7. All
cylinders initially failed locally. As expressed by Lou et al. (2000) the results show that
higher internal pressures result in lower buckling loads. One possible cause may result from
the pressurisation phase where the hoop stress is twice that of the axial stress, meaning
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Figure 5.7: Initial laminate 1, cylinders post rigidisation and internal-decompression axial
compression tests
that there is much more elongation in the hoop direction. An important point of improve-
ment given by Lou et al. (2000) is the use of an internal bladder with a slightly smaller
diameter resulting in an initial pre-stretch in the axial direction. Usually higher overall
pre-strain improves structural qualities. However, too much pre-strain reduces this quality.
This was also reported by Friese et al. (1983). By over pressurising a cylinder well into
the plastic region of the metal film, as the internal pressure is removed the cylinder may
collapse since the polymer remains in the elastic region thus compressing the shell. In the
presented test results this effect may be accelerated due to the two-layer configuration in
the material. Furthermore, similar effects were observed during the unloading phase of the
tensile tests where the material curled into a spiral, with the aluminium on the external
side. The results show that although it is important to remove wrinkles by rigidisation, the
inflation pressures must not vary from the theoretical value. Using the model presented in
Appendix C, a conservative axial buckling load of 3 N was calculated for the given cylinders.
It is important to note that axial compression tests have not been conducted on previously
folded cylinders. It is expected that the post-deployment and rigidisation residual folds will
result in a significant reduction in the load carrying ability of the cylinders.
For the cylinders that are used in the final design iteration, where the diameter has increased
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(a) Estimated critical axial load and a pure bending
moment for cylinders at different internal pressures.
(b) Pressure loss tests for various initial inflation
pressures and connector types.
Figure 5.8: Estimated critical collapse load for cylinders under different pressures and
pressure drop rate
from 35 to 40 mm, with the absence of internal pressure a critical axial load of 7.8 N
and a critical bending moment of 14.7 Nm was calculated using the model that is given
in Appendix C. In the model, in the axial compression test, the correction factors are
given for simply supported cylinders (Weingarten and Seide, 1968). The correction factors
given for cylinders undergoing bending were formulated from empirical data resulted from
cylinders that were subject to a pure bending loading condition (Seide et al., 1960). While
rigidisation pressure is maintained in the cylinders the load carrying ability of the cylinders
is increased to 73.6 N for axial loads and 41.8 Nm for bending moments. In Fig. 5.8 (a)
critical loads are plotted for different internal pressures, where the critical axial load curve
is denoted by Fa and Fb denotes the critical bending load. It is important to note that at
high pressures the load carrying characteristics are influenced by the internal pressure. For
reference in Fig. 5.8 (a) the rigidisation pressure, Py and the critical collapse pressure Pcr
are plotted in the figure. Py was obtained using Eq. 3.1. Pcr was obtained by inflating a
series of cylinders until the cylinders burst.
Localised rapid or uncontrolled pressure loss from an inflatable structure is hazardous for
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the attached spacecraft, or nearby objects as the spacecraft may start tumbling, resulting
in communication loss or the inflatable structure may collide with the rigid chassis. This
will result in the collapse of the structure. However, an inflatable structure is likely to
lose pressure over time. In this work, it was assumed that there is no pressure loss at the
seam where the cylinders are sealed with transfer tape adhesive, and all losses take place
at the clamped ends. The presented design uses two types of cylinder end connectors. The
connector type that is used in the sealing of the cylinder ends of the radial cylinders, and
one of the platform end of one axial cylinder and top plate and the latter axial cylinder
are discussed in Section 5.5.2, this type of connector is called the radial fitting. The axial
cylinders are connected to the central connector with a slightly different design, called the
axial fitting. To verify the pressure loss due to the fittings, several cylinders have been
constructed of identical dimensions to those used on the developed module. Each cylinder
has been fitted at both ends with identical fittings. The fittings have used the design of
the end fittings that are used to seal the radial cylinders. The cylinders were inflated at
pressures that are 1 % above the pressure required for rigidisation. To verify losses due to
the experimental set-up, the system was initially sealed and pressurised. The losses observed
were considered insignificant. After each pressurisation cycle, the system was closed, and
the pressure drop was recorded with an embedded sensor. The results are shown in Fig.
5.8 (b). The tests were performed for 30 s. It is expected that during the DS-1 capturing
experiment the net will be in contact with the inflatable within the 30 s period. From
the figure, it is possible to note that the axial fitting set-up is less robust. However, the
pressure drop rate is small so that the integrity of the inflatable will not be compromised
during rigidisation or capturing.
5.5.3.1 Cylinder Packaging
For the stowage of inflatable cylindrical members, several packaging methods are available,
including telescopic, origami and ‘Z’ folding. Origami and telescopic methods provide a
clear path for the inflation air, electrical connections or even stowage space for the inflation
system within the cylinder. But these methods induce many creases and high pre-strain in
the skin, thus are not suitable for folding aluminium laminates. Conversely ‘Z’ folding is
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one of the simplest methods of packaging an inflatable cylinder; however, the deployment of
such stowed cylinders tends to be unpredictable. Since the proposed structure relies on the
correct inflation of six cylinders, tangling of the sails membranes may occur. ‘Z’ folding is
applied to a cylinder by alternating the direction of folding (e.g. peaks and valleys), creating
at regular intervals an accordion-like structure. A method was developed in this work which
aims to reduce sideways movement in the deployment of ‘Z’ folded cylinders.
The cross-sectional profile of a deployed cylinder and several compression methods are
shown in Fig. 5.9. To counterbalance the mass and stiffness offset a fake seam has been
added. The fake seam consists of the cylinder wall to which a material strip that is of equal
width to the overlap at the real seam is adhered using transfer tape. The fake seam is on the
opposite side of the cylinder wall to the real seam. Three cross-sectional packaging methods
have been initially considered, and two methods have been evaluated regarding deployment
steadiness. As a benchmark, a conventional cross-sectional folding method was used where
the cylinder is divided in half, and the sides are compressed. In the second method called
modified ‘I’, wedge folds are introduced at the edges of the conventional method. The
overall material thickness has increased from two to six layers, but a large open channel is
created. The modified ‘V’ folding is a compromise between the previous techniques where
a single wedge fold is introduced. Because this method introduces asymmetry in the folded
specimens, the method was not evaluated.
Four cylinders have been constructed with the same dimensions and with the same char-
acteristics as the cylinders utilised in the compression tests. Two of four cylinders wereDeployed cylinderConventionalModified 'I'
Modified `V'
Folded cylinders
LaminateTransfer tapeKey:
Figure 5.9: Cross-sectional folding methods and cut - out of packaged and deployed cylinders
with a false seam
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packaged using the conventional ‘Z’ folding method, and the remaining two cylinders were
packaged using the modified ‘I’ method. Each cylinder was subject to three inflation tests.
During the tests, the cylinders were deployed along a table where the tips of the cylinders
was free to move following the deployment of the folds. Figure 5.10, shows the deployment
of a conventionally and modified ‘I’ folded cylinder. The modified ‘I’ folded cylinder devi-
ates less from the centre. The results from repeated deployments are shown in Fig. 5.11
(a). Overall the conventionally folded cylinder deviates much more with deployments than
the modified ‘I’ cylinders.
0% 20% 40% 60% 80% 100%Mod
ified  I C
onventio
nal
Figure 5.10: Deployment sequence for the ‘Z’ folded cylinders with the conventional and
modified ‘I’ packaging methods. The cylinders presented in this figure have diameters of 40
mm and lengths of 50 mm.
Another area of interest from these tests is the magnitude of the pressure peaks associated
with the inflation of each separate fold volume. The results of two deployments are shown
Fig. 5.11 (b). From the figure, it is evident that the magnitude of the peaks is greater for
the conventionally packaged cylinders. This means that the folds are much more difficult
to open as the pressure build-up in each volume is relatively high. Due to the higher
localised pressure accumulation, there is a higher risk of the cylinders bursting, but this
also results in the uncontrollable deployment since each section is imparted momentum
from the deployment of the earlier section. The gas flow characteristics of the modified ‘I’
cross-sectional folding is also important for the launch phase of the mission. It is known for
trapped air to inflate such inflatable structures during the ascent phase, therefore by having
an open channel the air is evacuated from within the cylinder in a controlled manner.
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Figure 5.11: Conventional and modified ‘I’ packaging method deployment tests results
5.5.4 Sail Segments
As shown in Section 5.3 it was required that the inflatable structure projects a cross-
sectional area of 0.5 m2 from any orientation. To achieve this, a set of eight sail segments
were required. The sail segments were attached to the outer tips of the cylinders. The
segments are isosceles triangles with a base width of 70 cm and a height of 57 cm. The
size of the sail segments is slightly larger than the required geometrical size. Each edge
has been made longer by 5 mm. This prevents the sails to pre-compress the cylinders
when the structure is deployed. Due to the unique design of the inflatable structure, the
sail segments could not be packaged or wrapped around rigid supports as in conventional
spacecraft that use solar or drag sails (Fernandez et al., 2011). Furthermore, due to the
construction of the inflatable structure, it is unknown which of the six cylinders will deploy
first. Therefore, the folding method used in the packaging of the sails must accommodate
for irregular deployment where force may be initially applied to any of the tips of the sail
segments. Figures 5.12 (a) and 5.13, show two patterns that were investigated for the folding
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of the sail segments.
Let’s consider the spiral wrapping pattern that is shown in Fig. 5.12. The spiral wrap-
ping pattern allows the segments to be ‘Z’ wrapped around the geometric centre. Before
folding, the pattern shown in Fig. 5.12 (a) must be drawn on a sail segment. Following
convention, the peak folds are represented by solid black lines, valley folds are represented
by the dotted lines, and the edges of the segment are represented by solid red lines. By
choosing a transparent material for the sail segments, the markings are observed from both
sides of the segments. Figure 5.12 (b), shows a partially folded sail segment. Continuing
with the folding, the size of the segment reduces as shown in Fig. 5.12 (c). Note that
each folded stack forms a second triangle that joins the remaining two edges around the
central triangle. Is it possible to know the footprint occupied by a spiral folded segment by
measuring the size of the central triangle. By wrapping the folds in a circular sequence, the
packaged segments became self-constraining. A series of limitations were observed with the
implementation of this method. There is a great increase in the thickness of the spiral lines
thus packaging becomes increasingly difficult. With each accordion fold, the sail segment
material accumulates around the edges of the segment as shown in Fig. 5.12 (b). To reduce
the thickness of the material that accumulates around the edges of the segments material
strips may be cut at the folding lines Arya et al. (2015). Also, the sail will twist along the
out of plane axis during deployment.
A different approach for the folding of a triangular sail segment is shown in Fig. 5.13. This
pattern is referred to as the triangulated folding. In this pattern, a series of ‘Z’ folds are
introduced. This feature permits all the folds axis to open simultaneously, or to open in a
realistic random sequence. Furthermore, this folding method prevents the sail from locking
during deployment. This pattern looks relatively complex due to the number of marked lines
and the discontinuity between the marked lines. The marked lines follow the established
convention that was used in Fig. 5.12. Figure 5.14 shows the steps that must be followed
to fold a sail segment using the triangulated method. The steps are marked alphabetically
in the figure from (b) to (e). It is assumed that the marked lines are only visible on one
side face of the sail segment. In step (b), two peak and two valley folds are introduced on
the top half of the segment. These fold lines are parallel to the base of the segment. Step
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a) Folding pattern
b) Initial folds
c) Folded segmentValley fold has been unfoldedto show to underlying patter
Segment edge Accumulation ofmaterial due to stacked folds
Figure 5.12: Spiral pattern and folding sequence
(c), shows the compressed ‘Z’ folds that were introduced in the previous step. In Fig. 5.14
(c), it is possible to observe that previously unconnected markings form a continuous line.
The two unconnected valley lines are shown in green in step (b) and resulted connected line
is shown in blue in step (c). Two new peak and valley folds are introduced from the left
corner of the segment in step (d). These folds are parallel to the right edge of the segment.
Step (e), shows the flattened ‘Z’ folds that were introduced in the previous steps. A note
has been made in this step to assist the reader with the folding of the edge that must be
folded in step (f). In step (f), the edge must be folded in the given order. Now that this
edge has been folded, as shown in step (g) the entire sail segment must be rotated such
that the side that was previously facing the working surface is now facing up. Note, the
marked folding lines from step (a) are not shown here. The marked lines that are presented
in Fig. 5.14 (h) result from the folding that was done in the previous steps. In step (i) a
valley fold is introduced. This is followed in step (j) by the introduction of a valley and a
peak fold, resulting in the collapsed shape given in step (k). In step (l) one of the edges
must be folded, the given order must be followed. Step (m), shows the result post folding.
In step (n) the last edge must be folded following the given sequence. The final shape of
sail segment which was folded using the triangulated method is given in Fig. 5.14 (o). The
three corners of the folded segment shown in step (o) correspond the to the corners of the
sail segment that are shown in step (a).
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Key:Peak foldValley foldSegment edge
Figure 5.13: Triangulated pattern
A packaged sail segment that was packaged using the triangulated method is shown in Fig.
5.15 (a). The deployment sail segment at various stages of deployment is shown in Figs. 5.15
(b) to (d). Each picture is given in terms of the t/tm ratio, where t represents the total time
of deployment and tm represents the time in the deployment sequence at which the picture
was taken. Strings were attached to the corners of the triangle. The strings were pulled in
a random order. This experiment was repeated several times, each time the strings were
pulled in a different order and a different distance. No tangling was observed. A stowed
size reduction of each sail segment of 87.5% was achieved by implementing the triangulated
pattern. The final area occupied by the packaged sail may be varied by modifying the size of
the internal triangles and thus the distance between the fold line markings. The current size
was chosen by using the midpoint of each edge until the entire surface area was triangulated
to an acceptable packaging size, e.g. eight division on each side of the sail segment.
In this deployment example and on DS-1, the sail segments are constructed from BoPET
film with a thickness of 6 µm. To prevent tears, the edges of the sail segments are reinforced
with PI tape. The reinforcement tape has a width of 4 mm. A series of packing trials with
different tape widths have been conducted. It has been observed that as the tape width
increases, there is greater deviation in the alignment of the folds with each step in the
packaging sequence. However, when the tape width was narrower than 2 mm, the tape
unstuck with ease from the sail segment surface.
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5.5.5 Stowage Enclosure
The stowage enclosure and the structural members of the inflatable are shown in Fig. 5.16.
It is intended for all the translating surfaces that are likely to be in contact with other
metal components to be anodised. These surfaces are marked with red in the figure. PTFE
Key:Peak foldValley foldSegment edge
(a) (b)
(c)(d)
(e)
(f) (g)
(h)(i)(j)
(k)
(l)
(m) (n) (o)
Top corner
Base edge
Right corner
Leftcorner
Right edgeLeft edge
Unconnected lineConnected line
Edge is foldedin next step
12
1 2
1 2
Figure 5.14: Triangulated patter folding sequence
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(a) t/tm = 0. (b) t/tm = 0.2.
(c) t/tm = 0.6. (d) t/tm = 1.
Figure 5.15: Deployment sequence of a full scale BoPET sail quadrant. The sail segment
has been folded with the triangulated folding pattern
blocks have been placed in between the constraining elements and the stowage enclosure to
prevent cold welding. For example, the PTFE blacks that are marked with 36 and 37 in the
figure, are spacers that prevent the central connector assembly (number 21) from moving
during the launch phase. For clarity, the central connector assembly is represented by the
central connector unit. During deployment, the translating tray moves 84 mm. The PTFE
spacing black 36 is attached to the spacecraft plate marked with 1. Four such blocks lock
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Figure 5.16: Inflatable module, stowage enclosure and CubeSat integration cut-out
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the central connector in place. The spacecraft plate 1, also acts as a secondary clap for
the top cylinder. The translating tray is marked with number 11. This moves the entire
assembly out of the stowage box. Once the burn-wire (number 4) is cut using heat from
the circuit board that is represented by number 26, the springs marked with number 29
move the translating tray. The tray linearly translated, this motion is contained by the
alignment guides 30 and 31 that slide along guide shaft 32. Guide shaft 33 is required
to prevent the springs from buckling during compression. Once the tray has reached the
desired translation distance, the tray is locked in the deployed position using locking pins
(marked with 12) that extend from the tray into holes that are present on the stowage box
walls (not shown in the figure). To prevent the membranes from tangling or fracturing
as the platform reaches the maximum translation; all edges along the external side of the
stowage box are angled or chamfered. The stowage box was designed as a self-contained unit
that may be attached to any spacecraft. The stowage unit is separated from the CubeSat
chassis by the frame maker with 15. It is important to note that the electronics board that
controls the burn-wire mechanism, valve and inflation system is not housed in the stowage
unit. Thus, this is not shown in Fig. 5.16.
5.6 Initial Deployment Test
An initial inflation test has been conducted to verify the deployment characteristics of the
cylinders and sail segments in the assembled configuration. The deployment steps are shown
in Fig. 5.17. Initially, the inflatable assembly was released from the stowage box as shown
in Fig. 5.17 (a). Using strings, gravity compensating weights have been attached to the
top plate and central connector assembly. The strings pass over a set of pulleys that were
attached to the ceiling of the lab. One weight was calibrated against the mass of the top
plate assembly and the second mass was calibrated against the mass of the CGG and radial
cylinders interior end fittings. To prevent the cylinders from tangling during deployment,
gravity compensating weights were not linked with the external ends of the cylinders. The
attaching strings are highlighted in Fig 5.17 (b). To simulate inflation from the centre of
the structure a gas feed line with a custom adapter was attached to the exhaust port. The
gas feed line is visible in Figs. 5.17 (b), (c) and (c), this is coloured blue. In this deployment
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test, the exhaust valve was removed, thus creating an uninterrupted path for the inflation
gas. The pressure was steadily increased from 5 to 10 to 25 kPa over a period of one minute.
It is important to note that in these tests rigidisation was not achieved due to the lower
supplied pressure. Further tests will be conducted at rigidisation pressures and within the
expected timeframe of 2 s. The deployed structure is shown in Fig. 5.17 (d). In this test,
no sail segment or cylinder tangling was observed. Several sail segments have detached.
Additional work is required on the sail attachments to allow for slight variations in cylinder
lengths.
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(a) t/tm = 0.
Gas feed line
Counterweightattachment strings
(b) t/tm = 0.3.
(c) t/tm = 0.6. (d) t/tm = 1.
Figure 5.17: Deployment sequence of the inflation module
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Conclusions
In Chapter 1, the reader was introduced to the use of metal-polymer laminates in spacecraft
applications and to the current state of the art. The limitations resulted from the use of
such materials in the construction of cylindrical load bearing structures are given. The
chapter continues by presenting to the reader where this work fits in the world of metal-
polymer laminates that are used ins spacecraft applications and the novelty of this work is
given.
In Chapter 2, metal laminates are described and their previous applications are given.
Furthermore, the buckling sequence of cylinders is discussed and sources of imperfection
and their effect on the critical load of shell structures are identified. Previous work that
analysed large deformation, including elastic-plastic bending in beams has been outlined.
Several testing methodologies for the evaluation of the elastic modulus in the foils are
explained and different results for the elastic modulus of thin aluminium foils are given.
These values do not agree with the standard values for bulk aluminium.
In Chapter 3, several metal-polymer laminates are presented. The database consists of four
aluminium polymer laminates ranging from two plies to three plies, where the three-ply
laminates are further divided into two subsets, two laminates where aluminium foil sandwich
a polymer core and a laminate where two polymer films sandwich a metal core. This
Chapter examined experimentally the effectiveness of the removal of creases in ‘Z’ folded
cylinders constructed from aluminium laminates that were inflated and rigidised. SEM and
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laser surface profiler images were used to observe the resulting deformation. The SEM
results show significant deformation, de-lamination, and curvature reduction in the axial
or longitudinal direction creases in comparison to the radial or hoop creases. Furthermore,
the images show that there is a strong correlation between the laminate thickness, crease
curvature and relative orientation of the creases. In contrast, the laser scanned data shows
greater potential in the examination of creases, however, a different procedure must be
implemented when creases are analysed and a larger sample number must be used.
In Chapter 4, the principal contribution to the state of the art is presented. The chapter
starts by introducing the reader to the instruction of ‘Z’ folds in a metal-polymer laminate
cylinder. This process was analysed in detail and a direct theoretical analogue was created.
A numerical model under the condition of plane strain that is based on Euler-Bernoulli beam
theory with large displacements has been created for a foil and a three-ply laminate with
plastically deformable outer pies and an elastic core. The implementation of the foil model
in MATLAB has been presented. An initial, foil model with large elastic displacements
has been successfully verified against published experimental and simulated data. A simple
MATLAB model has been created to attempt to verify Young’s modulus of the aluminium
foils in laminate 2, by subjecting coupons to cantilever tests. The results did not match
with the standard value for bulk aluminium of 68.9 GPa. The formulation of two FEAs that
were constructed in Abaqus were presented. Plane strain and plane stress elements were
applied separately to the FEA. A series of three-ply laminates have been folded and the
creasing force, curvature and displacement have been recorded. The experimental data was
compared against the numerical model and FEA for laminate 2 and against the numerical
model for laminate 3. The results for laminate 2 show good agreement at high curvatures,
but the results deviate at low curvatures. In contrast, there is little difference in between the
numerical and experimental results for laminate 3 at all curvature ranges. The numerical
simulation for the foil agrees with the FEA analysis under the condition of plane-stress.
Significant variations are shown when this model is compared against the plane-strain FEA
analysis. These effects were observed in the modelling of laminate 2. The numerical model
and experimental results for laminate 3 agree at all curvature ranges, including springback.
It is assumed that the effect is due to the higher ductility of the foils in this laminate.
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Chapter 5, has outlined the principles and concepts used in the mechanical design of an
octahedral inflatable and rigidisable truss based structure that will be demonstrated on
the RemoveDEBRIS mission. Robustness has been required from the presented structure
as it must undergo an initial impact from a capturing net and then it must sustain pro-
longed exposure to atmospheric drag while deorbiting is taking place. During the initial
part of the mission, the structure will be pressurised. The critical axial load and bend-
ing moments for rigidised pressurised and unpressurised cylinders has been calculated and
the de-pressurisation rates have been observed experimentally for different fitting designs.
The development of a novel packaging method for triangular segments has been outlined
from a practical point of view. The initial deployment test of the entire structure has been
shown.
6.1 Future Work
The work presented in this document has accomplished the proposed objectives, however,
the presented work may be further improved and expanded in the areas presented in this
section.
As shown in the literature review and in the experiments, that were conducted in this
work, the experimental value for Young’s modulus of thin aluminium foils deviates from the
industry standard value for bulk aluminium of 68.9 GPa. The tensile testing method that
was presented here is not suitable for the measuring the Young’s modulus in aluminium foils
or laminates. Further studies are recommended to verify if the deviation in the measured
modulus value is also affected by a possible change in the Poisson’s ratio of very thin foils
and if rolling the typically ductile aluminium or laminates foils during stowage induces
initial strains in the material. Other metal foils or laminates that are based on steels or
lead may be tested.
A series of tensile and cantilever experiments may be conducted on thin aluminium samples,
ranging from foils with a thickness of under 10 µm up to plates with a thickness of 1 mm.
By doing these tests it is possible to record whether the samples have been previously
rolled and the cut-off thickness at which the modulus of elasticity starts to diverge. The
144
6.1. Future Work
numerical model for the foil may be applied to the thinnest sample that complies with
the standard aluminium values. This will allow the experimenter to compare accurately
the creasing behaviour of a material coupon form initially high curvatures to the final fold
curvature.
The material models presented in this work are based on a simple bi-linear profile. The
tensile tests have shown that the behaviour of the laminate is significantly more complex.
A tri-linear approach will capture this behaviour more accurately. For large curvatures, the
addition of moment due to the self-weight of the coupon may be included.
The work presented in Chapter 4 considers the first step of the folding and rigidisation
process, i.e. where folds are introduced in a laminate. In the future it is intended to use a
similar approach to derive a set of governing equations for the deployment and rigidisation
of a foil and three-ply metal-polymer-metal laminate fold. In this second model the shear
effects must be considered.
Considering previous work and material backlash models (Greschik and Mikulas, 1996;
Takahashi and Shiono, 1991) and the application of metal-based laminate, the deployment
and rigidisation steps may be derived in terms of the localised curvature κ(si). This addi-
tional work will show the extent of residual creases post rigidisation creases in the form of
geometrical imperfections. As the geometric imperfections are known, they may be mod-
elled in an FEA program, thus simplifying the buckling analysis of a deployed and rigidised
metal laminate cylinder.
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Appendix A
Laminate Showing Residual
Curvature Due to Rolling
Figure A.1: Laminate 2 15 × 15 cm, coupon. A residual curvature remained in the laminate
due to rolling, this is evident as the coupon can stand unsupported
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Appendix B
Geodesics
Geodesics is a field that focuses on the construction of light-weight, strong and self support-
ing, shell like structures that utilise tensile loaded triangular grids. Although the technique
has been applied to the design of various contemporary buildings and modernistic exhibi-
tion centres, they remain widely unused. A considered drawback that tends to discourage
the use of geodesics is resulted from the need to mathematically compute the geometrical
coordinates of the structures. However, a simple model for the mathematical representation
of geodesic geometries has been constructed by Kenner (1976). An icosahedron is used as
the base geometric shape of one of the envelopes. Although other polyhedrons such as the
regular octahedron and tetrahedrons may be used to construct geodesic type structures the
icosahedron is made of twenty equatorial triangles. The need for such symmetry and load
carrying characteristics are needed for the proposed inflatable to prevent shell deformations
from randomly orientated loads. Initially the Cartesian coordinates of the vertexes of a sin-
gle triangle are obtained. The process is started by creating the triangles shown in Figure
B.1.
X1 = Xsin (72
◦)
Y1 = Y +Xcos (72
◦)
Z1 =
f
2
+
Z
τ
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(c) Matrix triangle for Z1. (d) Projected triangle.
Figure B.1: 4v Class I matrix base and projected triangles
where X, Y and Z are integers representing the coordinates of the base triangles, f is the
frequency or view factor and τ is the Golden Proportion, which is equal to
(
1 +
√
5
)
/2.
Figure B.2 shows geodesic constructions with different view factors.
The spherical coordinates of a single projected triangle are given in terms of φi and θi,
φi = arctan
(
X1
Y1
)
θiI = arctan
[
X21 + Y
2
1
Z1
]0.5
θiII = arctan
(
X21 + Y
2
1
cos (36◦Z1)
)0.5
158
APPENDIX B. GEODESICS
(a) 1v. (b) 2v. (c) 3v.
Figure B.2: Class I, geodesic spheres with different view factors
The suffixes I and II, represent the class of the triangles. The primary triangle may be
divided into two different classes. In class I the primary triangle is divided equally along
the vertical axis, resulting in the formation of equilateral triangles. On the contrary, the
class II equation divides the horizontal base into equal sections. In this method the sides
are not equal. The Cartesian coordinates of a single triangle are calculated in terms of Xi,
Yi Zi using the equations,
Xi = rsin (θi) cos(φi + α)
Yi = rsin (θi) sin(φi + α)
Zi = rcos (θi)
where α, is the angle by which the principal triangle is rotated around the Z axis. The angle
rages from 0◦ to 288◦ in steps of 72◦. Once the top section containing five primary triangles
is constructed, rotation matrices are used to rotate and slide this section to complete all
sides of the sphere.
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Appendix C
Simple Buckling Model for Thin
Cylinders
Weingarten and Seide (1968) provides a model for the collapse of un-stiffened and unpres-
surised cylinders under axial compression and point load end bending. This model was
constructed from simplified known theory that was tailored to fit experimental data ob-
tained between 1930 and 1967. As there were uncertainties in the experimental procedures,
such as the boundary conditions, the model yields overly conservative results (Nemeth and
Mikulas, 2009). Thus, buckling is governed by initial imperfection and not by end condi-
tion or post collapse behaviour. It is important to note that this model may only be used
to analyse cylinders with modest diameter to length ratios. The critical load, Fcr for an
unpressurised isotropic thin wall cylinder under axial compression the buckling coincides
with the collapse of the structure therefore this load may be approximated by
Fcr = kx
2pi3Dr
L2
where kx is the buckling coefficient, D is the flexural stiffness per unit width (Et
3/12(1−ν2)).
As the length of the cylinders that are utilised in this work are relatively large (γZ >
√
3pi2
6
),
kx may be approximated by,
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kx =
4
√
3
pi2
γZ
where Z is the curvature parameter, for isotropic cylinders this term is obtained from the
expression (L/rt)
√
1− ν2. The correlation factor γ, has been reduced from unity to fit
available experimental data. γ is given by Equation C.1,
γ = 1− 0.901(1− e−φ) (C.1)
By modifying the correction factor in the equation, it is possible to obtain the collapse
stress for an isotropic unpressurised circular cylinder under a lateral point load at the tip
using,
γ = 1− 0.731(1− e−φ).
In both equations
φ =
1
16
√
r
t
where (
r
t
< 1500)
As the length to radius ratio is greater than 5, the results from the analyses will be verified
against experimental data results. There is a variation in the correction factor equations
for the two load cases as axial buckling may be triggered by any imperfections in the shell,
whereas buckling due to bending is triggered in the region that is subject to the greatest
compressive stress. But the overall theoretical value is not too different between the two
load cases.
For a pressurised cylinder under axial compression a similar approached may be used,
however, now the buckling load is increased as the effect of shell imperfections is reduced
and the compressive load must be greater than the pressure acting on the end cap of a
cylinder. The axial buckling load of a pressurised cylinder Pp, is given by
Pp = 2piEt
2
(
γ√
3(1− ν2) + ∆γ
)
+ ppir2,
where ν is the Poisson’s ratio and ∆γ is the increase in the buckling correlation factor due
to internal pressure.
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The failure load of a pressurised cylinder is much greater than the axial buckling load.
Theoretically this value is now related to ppir3, however this value is an overestimation for
a practical case as large deformations will be required, therefore the collapse moment of
the unpressurised cylinder is added to this value with an 80% of the theoretical value. The
bending moment at collapse of a pressurised cylinder Mp
Mp = pirEt
2
(
γ√
3(1− ν2) + ∆γ
)
+ 0.8ppir3
the value for ∆γ is taken from reference (Weingarten and Seide, 1968), Fig. 6 on page
15.
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